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The vertical intensity of the hard component of cosmic rays was measured at different 
altitudes with a threefold coincidence counter tube arrangement. Measurements were taken 
with and without a graphite layer above the counters in order to compare the absorption of 
the hard component in air and in carbon. The counting rate observed under a given mass of 
air-plus-carbon was found to be considerably larger than the rate observed under the same 
mass of air alone. We interpret the difference as due to the spontaneous decay of the mesotrons 


which form the hard component of cosmic rays. 





INTRODUCTION 


HEORETICAL considerations suggest that 

the mesotrons, which form the hard com- 
ponent of cosmic rays, may disintegrate spon- 
taneously, each into an electron and a neutrino. 
It has been pointed out that some hitherto 
rather obscure experimental results, such as the 
variation of intensity with zenith angle and with 
atmospheric temperature, could find a plausible 
explanation in the disintegration hypothesis. A 
lifetime of 2 or 3X 10~* second should be ascribed 
to the mesotrons in order to fit the observations. 
The problem of the disintegration of mesotrons 
was thoroughly discussed at the Cosmic Ray 
Symposium recently held in Chicago,! with the 
conclusion that the experimental evidence for the 
disintegration could not yet be regarded as con- 
clusive. There was, indeed, considerable uncer- 
‘See especially the paper by B. Rossi “The Disintegra- 


tion of Mesotrons,” Rev. Mod. Phys. 11, 296 (1939). This 
will be referred to as (B.R.). 


tainty as to the real meaning of the temperature 
effect.2 Also, the different data about the vari- 
ation with zenith angle were not quite in agree- 
ment (see B.R., reference 1). Moreover, cloud 
chamber and counter experiments had failed to 
detect the electrons which should occur, as a 
product of the decay, when the mesotrons are 
stopped (see B.R.). 

New experiments were therefore necessary and 
the most direct way to test the disintegration 
hypothesis appeared to us to be an exact com- 
parison between the ‘“‘absorption” of the vertical 
mesotrons in air and in some dense material. 
Actually, if the mesotrons do disintegrate with 
a lifetime of a few microseconds, the number of 
mesotrons which disappear by disintegration 
should be comparable to the number absorbed 


a nENperiments by W. P. Jesse (Rev. Mod. Phys. 11, 167 


(1939)), for instance, seemed to indicate that a temperature 
effect larger than at sea level existed in the upper atmos- 
phere, where it could not obviously be accounted for by 
the disintegration of mesotrons. 


461 











ROSSI, 


HILBERRY AND HOAG 














y, Fic. 1. Experi- 
7 mental arrange. 














by ordinary energy loss when the particles are 
traveling in air. In a dense absorber, however, 
where the energy is much more readily dissipated, 
the number of mesotrons which are expected to 
disintegrate is negligible as compared with the 
number of those which are absorbed. Thus, a 
given layer of air should reduce the number of 
mesotrons more strongly than a solid or liquid 
layer having the same stopping power as far as 
the energy loss due to ionization is concerned. 

From the observed difference one can calculate 
directly, without further assumption, the average 
range of mesotrons before decay, while, in order 
to calculate the same quantity from the tem- 
perature effect or from the variation with zenith 
angle, one has to make a special assumption as 
to the height where the mesotrons are produced. 
Furthermore, the interpretation of the zenith 
angle effect is based upon the assumption that 
the mesotrons keep the direction of the primary 
rays from which they are produced, and that 
these primary rays are isotropically distributed 
outside the atmosphere (see B.R.). 

In the present experiment, the intensity of the 
cosmic-ray mesotrons was measured at different 
stations up to the height of 4300 m, both with 
and without a carbon absorber. Carbon was 
chosen as the dense absorber because the 
ionization loss of mesotrons should be practically 
the same in equal masses of carbon and air. 
Thus a different absorption per g/cm? of air and 
carbon should only be expected if the mesotrons 
have a finite lifetime. 

The experiments were extended to the maxi- 
mum possible elevation because the difference in 


ment. ° 





the mass “‘absorption’’ due to the disintegration 
should obviously increase as the density of the 
air decreases. 


EXPERIMENTAL ARRANGEMENT 


Figure 1 shows schematically the experimental 
arrangement used. 

The three Geiger-Miiller tubes A, B, C, were 
4 cm in diameter and 27 cm long. They were of 
the self-quenching type and had been prepared 
according to the technique of Trost.’ Threefold 
coincidences between the G-M tubes were 
recorded with a conventional coincidence circuit, 
having a resolving time of about 0.8x10~ 
second. Control measurements with a radioactive 
source near the tubes showed no change of 
efficiency with a change in the number of single 
pulses per minute, from the sea-level rate to that 
observed at the top of Mount Evans. This was 
to be expected because of the very short recovery 
time of the self-quenching tubes. 

The G-M tubes were arranged in a vertical 
plane with a separation of 14.6 cm between their 
respective axes. Lead blocks were placed between 
and on both sides of the tubes in order to filter 
out the soft component and to prevent coin- 
cidences from air showers, which are very 
numerous at high altitudes. The total thickness 
of lead between the tubes was 12.7 cm and that 
on the sides was 11 cm. 

The carbon absorber was made of graphite 
blocks and was arranged above the G-M tubes 
so as to cover the whole solid angle subtended 
by the tubes themselves. Under these conditions, 


+ A. Trost, Zeits. f. Physik, 105, 399 (1937). 
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no appreciable error can be introduced in our 
measurements by scattering. In fact, the scat- 
tering of mesotrons is small in elements of low 
atomic number. Besides, the average angle of 
scattering is practically the same in equal masses 
of air and carbon, and the same amount of scat- 
tering results in the same decrease of coinci- 
dences, since both absorbers are placed above the 
G-M tubes. This would not have been the case 
if the solid absorber had been placed between the 
tubes. 

The G-M tubes as well as the amplifier and the 
batteries were enclosed in a thermally insulated 
box which was kept at a constant temperature 
in the neighborhood of 20°C by thermostatic 
control. 

The whole apparatus was set up in a truck. At 
each station the position of the truck was so 
adjusted as to bring the centers of the G-M 
tubes on a vertical line and their axes in the 
East-West direction. Measurements at different 
stations were carried out alternately in order to 
check the reproducibility of the results. 


RESULTS 


Measurements were taken in Chicago (180 m), 
in Denver (1616 m), at Echo Lake (3240 m) and 
at the top of Mount Evans (4300 m). The three 
last stations are in Colorado, at a geomagnetic 
latitude of about 49°N, while the geomagnetic 
latitude of Chicago is 53°N. Therefore, no geo- 
magnetic latitude effect is to be expected and the 
variation of intensity is to be regarded as due to 
the variation of altitude entirely. 

The results of the individual readings are col- 
lected in Table I, while the averages are sum- 
marized in Table II. Some absorption measure- 
ments in equal masses of carbon and lead were 
also performed, with the same apparatus, on the 
top floor of the Ryerson Laboratory in Chicago. 
These results are collected in Table III. For 
easy comparison of the data, the thickness of the 
absorbers, as well as the atmospheric pressures, 
are given in g/cm*. The errors given are the 
standard deviations. An analysis of the data 
shows that the differences between the results 
of measurements taken under similar conditions 


TABLE I. Individual readings at different altitudes with and without the carbon absorber. 








AVE. BAR. 
PRESS. 
IN G/cm?® 


DATE PLACE 


CARBON 
ABSORBER 
IN G/cM?* 


COUNTS PER 
MINUTE 


TOTAL 
COUNTS 





Chicago 
Denver 
Echo Lake 
Mt. Evans 
Mt. Evans 
Mt. Evans 
Echo Lake 
Echo Lake 
Mt. Evans 
Mt. Evans 
Echo Lake 
Echo Lake 
Denver 
Denver 
Chicago 


8/24; 25 
8/29; 30; 31 
9/1; 2 


855 
701 
620 
617 
617 
698 
701 
614 
614 
698 
698 
859 
856 
1010 


/ 
9/15; 16; 19; 20 
9/18; 19 
9/24; 25; 26 


5.31+0.08 
6.92 +0.056 
9.68 +0.071 
11.83 +0.095 
11.03+0.092 
11.03+0.114 
9.81 +0.084 
9.00 +0.079 
11.03 +0.096 
11.93+0.103 
9.60 +0.085 
8.72+0.079 
6.81+0.055 
6.43 +0.053 
5.230.039 


4,143 
15,399 
18,411 
15,406 
14,367 

9,341 
13,657 
13,047 
13,238 
13,365 
12,868 
12,203 
15,109 
14,167 
16,789 








TABLE II. Averages of the readings at different altitudes with and without carbon. 








CARBON 
ABSORBER 
IN G/cM?® 


AVE. BAR. 
PRESS. 
IN G/cM?® 


CORRECTED 
VALUE (N) 


Counts 
PER MIN. 


TOTAL 
COUNTS 





1010 0 
857 0 
856 87 
699 0 

699 87 

617 0 

616 84* 


20,932 
30,508 
14,167 
44,936 
25,250 
28,771 
36,946 


5.25+0.036 
6.86+0.039 
6.43 +0.054 
9.70+0.046 
8.86+0.056 
11.88+0.070 
11.03+0.057 


5.24+0.036 
6.84+0.039 
6.360.079 
9.65 +0.046 
8.72+0.097 
11.79+0.070 
10.76+0.114 








* This value is the weighted average of the thickness of the carbon absorbers used during the measurements. 

















464 ROSSI, 
are within the statistical fluctuations. (The 
measurements in the truck and in the Laboratory 
in Chicago are, of course, not exactly comparable, 
because of the different thicknesses of the roofs 
above the apparatus in the two cases.) We con- 
clude that neither changes in the efficiency of the 
outfit, nor fluctuations of the cosmic-ray inten- 
sity are likely to have affected our experiments. 

Some systematic errors, however, may have 
been introduced in our results by Auger’s exten- 
sive showers penetrating the lead shield, or by 
Bhabha’s ionization showers generated by the 
mesotrons in the absorber. 


(a) Correction for extensive showers 


In order to test the effect of the extensive 
showers, we carried out some measurements 
moving the upper G-M tube A to the position A’ 
(Fig. 1). The results are given in Table IV. In 
Chicago and in Denver the counting rate, both 
with and without graphite, was approximately 
equal to the expected number of chance coin- 
cidences. At Echo Lake and at Mount Evans the 
coincidences were in excess over the calculated 
number of chance coincidences and increased 
when the graphite absorber was put above the 
counters. The rapid variation of the counting 
rate with height strongly suggests that the coin- 
cidences A’BC observed at high altitude were 
actually due to Auger’s showers not completely 
stopped by the heavy lead shield. This is in 
agreement with the results of Auger at the 
Jungfraujoch showing the existence of showers 
containing penetrating particles.‘ The increase of 
coincidences due to the graphite may be ex- 
plained as a geometrical condensation effect on 
the air showers. 

We may correct for the extra counts due to 
extensive showers or to chance coincidences by 
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conditions. As a matter of fact, the number of 
coincidences due to extensive showers must be 
nearly the same for the two positions of the G-M 
tubes and the chance coincidences are so few 
that a change in their number is altogether 
immaterial. 


(b) Correction for ionization showers 


A mesotron, traversing the two lower G-M 
tubes and missing the upper one, may still give 
rise to a coincidence by producing above the 
apparatus an ionization shower which discharges 
the upper tube. Since this can only happen jf 
some dense material is present above the tubes, 
some extra counts may have been recorded in 
the measurements under carbon or lead and the 
absorption in the dense materials may have been 
underestimated.® 

In order to evaluate the order of magnitude 
of the effect we carried out some measurements 
with the arrangement represented in Fig. 2. In 
Chicago, under 87 g/cm? of graphite, 8+0,5 
coincidences per hour were recorded. We regard 
them as due to mesotrons traversing the lower 
tube and coming in accompanied by an ionization 
shower. Almost half as many coincidences, 
however, were still present when the graphite 
was removed and only the lid of the thermostatic 
box was left above the tubes. The counting rate 
was reduced to about 2 per hour by removing 
the lid also, and finally only one coincidence in 
16 hours.was recorded when the distance between 
the upper counters was increased by shifting one 
of them. 

These results show that the correction for the 
ionization showers cannot be very large, both 


TABLE IV. Test for extensive showers (position A’, B, C). 


























e ° Cc n T C 
subtracting from the counting rate ABC the PLACE c/a! COUNTS ran iam. 
counting rate A’BC recorded under the same Chicago 0 19 0.007 

; Denver 0 20 0.021 
TABLE III. Absorption measurements in carbon and lead. Denver 87 21 0.017 
(Chicago, Ryerson Laboratory.) Echo Lake 0 37 0.043 
Echo Lake 87 65 0.065 
TOTAL Counts ABSORPTION Mt. Evans 4 96 Hy 
ABSORBER COUNTS PER MIN. % Mt. Evans 87 99 0.18 
0 80,920 5.122+0.018 —_—_—_— : : 
87 g/cm? C 77,776 4.908+0.018 4.2+0.5 5 We are greatly indebted to Professor E. Fermi for call 
87 g/cm? Pb 78,658 4.960+0.018 3.2+0.5 ing our attention to this source of error. ; 
* An investigation of the ionization showers with essen- 








4P. Auger, R. Maze, P. Ehrenfest, Jr., and A. Fréon, 
J. de phys. et rad. 10, 39 (1939). 


tially the same arrangement as represented in Fig. 2, has 
mo out by Schwegler, Zeits. f. Physik, 96, 6 
1935). 
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Fic. 2. Test for ionization showers. 


because the number of these showers turns out 
to be small and because some of them originate 
in the lid or in the lead at the side of the counters 
and are, therefore, present also without the 
absorber. 

In an attempt to determine more exactly the 
correction for the absorption measurements in 
carbon, we repeated this measurement in 
Chicago, placing a 3.8-cm thick lead plate per- 
manently between the upper tube and the carbon 
absorber. In this way the effect of the ionization 
showers was eliminated since the ionization 
showers from the carbon were stopped by the 
lead, while the ionization showers from the lead 
were present in the same number both with and 
without the carbon absorber. The results are 
given in Table V. 

The decrease of the counting rate by the 
carbon amounts to (5.0+0.7) percent, while the 
previous measurements without the lead plate 
gave a decrease of (4.2+0.5) percent. Since no 
appreciable variation of the absorption coefficient 
of the mesotron beam can be produced by in- 
creasing the lead filter from 12.7 to 16.5 cm, we 
may assume the difference (5.0—4.2) = (0.8+0.9) 
percent to represent the effect of the ionization 
showers. As expected, this effect is very small, 
not larger, indeed, than the average statistical 
error. We may account for it by subtracting 
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(0.8+0.9) percent, from the counting rates under 
graphite. The percent correction, of course, is the 
same at the different altitudes because the 
number of extra counts due to the ionization 
showers is proportional to the mesotron intensity. 

The counting rates N, corrected for the exten- 
sive showers and for the ionization showers, are 
given in the last column of Table II. We assume 
this corrected value of N to furnish a measure 
of the vertical intensity of the hard component, 
i.e., a measure of the number of vertical meso- 
trons with sufficient energy to traverse 12.7 cm 
of lead. 


DISCUSSION 


The logarithms of the observed intensities N 
are plotted in Fig. 3 against the total mass per 
cm’, h, of air and carbon above the G-M tubes. 
The circles refer to measurements taken without 
graphite. Hence, the solid curve connecting the 
circles represents, on a logarithmic scale, the 
variation of the vertical mesotron intensity as a 
function of the depth below the top of the 
atmosphere. As far as we know, no similar data 
of comparable accuracy have been published 
previously. 

The solid dots refer to measurements taken 
under the graphite absorber. The dotted lines, 
connecting the points taken at the same altitude 
with and without graphite, give, therefore, the 
initial slopes of the logarithmic absorption curves 
in carbon of the mesotron beam under 616, 699, 
and 856 g/cm? of air. These slopes are much 
smaller than the corresponding slopes of the air 
absorption curve, showing that the mesotron 
intensity is reduced much more by a given mass 
of air than by the same mass of carbon. 

This is exactly what the disintegration 
hypothesis predicts. We will, therefore, analyze 
our data from the point of view of this hypoth- 
esis, assuming that the difference between the 
number of mesotrons found under h g/cm? of air 
TABLE V. Absorption measurements in carbon with a 3.8 cm 


thick lead plate above the counters. (Chicago, Ryerson 
‘ Laboratory.) 








CouNTS ABSORPTION 
PER MIN. % 


5.078 +0.027 
4.825+0.026 


Tota. 


ABSORBER COUNTS 





0 35,904 


87 g/cm* C 34,036 5.0+0.7 
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Fic. 3. Intensity of cosmic-ray mesotrons as a function of the depth. 


plus 5h g/cm? of graphite and the number of 
mesotrons found under h+ 6h g/cm? of air alone 
represents the number of mesotrons disintegrat- 
ing in the air layer 5h. This is correct even if 
some mesotrons are generated in this air layer, 
provided that the same number of mesotrons is 
generated in the equivalent layer of carbon. 

Let 6z be the thickness in cm of the air layer 
5h. We may then define the average range L of 
the mesotrons before decay by the equation 


5N 6z 1 6N 1 dz 


-——=--—, (1) 


N th Léh 


where JN is the number of mesotrons incident at 
a given altitude and — 6N is the number of those 
which disintegrate in traveling the distance 
— dz down from this level. 





For a homogeneous group of mesotrons, L=or, 
where v is the velocity of the mesotrons and 
r their lifetime. From the relativistic variation 
of time intervals with velocity, it follows that 
t=19/(1—v*/c*)!, where 70 is the lifetime of the 
mesotrons at rest. Hence 


L=vro/(1—v?/c*)* = pro/po, 


where p is the momentum and yo the rest mass 
of the mesotrons. 

For a nonhomogeneous group of mesotrons, 
1/L in formula (1) is to be understood as the 
average of the reciprocal range for the single 
monoenergetic components, i.e., 


1/L = (wo/T0)(1/p)w = (uoc*/ roc) {1/pe)m- (2) 


Our experimental results enable us to calculate 
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the average range for the mesotron beam at 
different depths. 
Figure 3 gives directly the relative number of 
mesotrons —dN/N=—<d(log N) which disin- 
ate in the depth intervals 616<h<700, 
699<h<786, 857<h<944 g/cm*. Accordingly, 
we can calculate three values of wea= —(1/N) 
x(8N/éh). We may, incidentally, note that us 
represents the probability of disintegration in 
1 g/cm? of air and is also equal to the difference 
between the absorption coefficients uw. and yu, in 
air and in carbon respectively, as given by the 
slopes of the corresponding logarithmic absorp- 
tion curves. The quantity —éz/dh can be 
similarly deduced, for the same depth intervals, 
from the curve which gives the altitude z as a 
function of the depth 4. This is practically a 
logarithmic curve, as shown by Fig. 4, where the 
logarithms of our average barometer readings 
are plotted against the altitude. The observed 
points lie fairly close to a straight line represented 
by the equation 


log (h/ho) = —2/(8.35 X10), 


where Ayo = 1.03 X 10°. 

The experimental values of pe, we, ua, — 52/dh 
and the corresponding values of the average 
range L are listed in Table VI against the depth 
intervals to which they refer. A set of values 
for an altitude near sea level is also given in 
the last row, in which yw, is the slope of the 
logarithmic absorption curve in air at h=1010 
g/cm*, wu. is the absorption coefficient in carbon 
from the measurements in Table V and —éz/éh 
= (8.35 X 10°) /h. 

The four values of L deduced from our experi- 
ments turn out to be the same within the 
experimental errors and equal to about 9.5 km. 

The lifetime ro is connected with the average 
range L by Eq. (2). The uncertainty in the value 


TaBLe VI. Experimental values of ua, te, wa, —52/d5h and the 
corresponding values of the average range L. 








Derta 
INTERVAL Ma Me Md 6s/ bh L 
ING/cM® = 10-* cm*/c_ 10-* cm*/G 10-*cm?/G 108 cm?/G 105 cm 





616-700 2.42 - 108” 1.34 1.26 9.4+0.9 

699-786 2.295° 1.16” 1.135 1.12 9.9+1.2* 

857-944 1.824" 0.84 0.984 0.93 9.5+1.7* 
1010 147 ~ 0.59 0.88 0.825 9.4+1.6* 








The errors marked with * have been increased above the standard 
deviation to allow for possible error in the interpolation. 
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of ro, however, is larger than the experimental 
error in the value of L, since neither the mass, 
nor the energy spectrum of the mesotrons is 
known with accuracy. As already stated, only 
mesotrons above a certain momentum 9 are 
recorded on account of the lead screen of 12.7 
cm thickness between the G-M tubes. If the 
mesotrons are absorbed by ionization and we 
assume poc? = 8 X 10’ ev, it follows from the Bloch 
formula that poc=3X10* ev. At sea level the 


7. 


LOG, h 





» 3000 a 
Zmm 


Fic. 4. Atmospheric depth as a function of the altitude. 


average value of 1/pc for mesotrons with mo- 
mentum larger than po can be estimated from 
Blackett’s energy measurements, which give 
(1/pc)w=1/(1.3X 10°) (ev)—. Inserting the above 
values of L, woc®, (1/pc)» in Eq. (2) we finally 
obtain r>=2X10~* sec. 

This value of ro is of the same order of mag- 
nitude, although somewhat smaller, than the 
values deduced from the zenith angle and from 
the temperature effects (see B.R.). No great 
accuracy, however, is claimed for the above 
figure, especially since our most exact deter- 
mination of L is that at the highest elevation, 
while the energy spectrum is only known at sea 
level. 

On one point our results failed to verify the 
predictions of the disintegration hypothesis. 
Eq. (2) shows that the average range L increases 
with increasing energy. The hardening of the 
mesotron beam, which is apparent from the 
decrease of the absorption coefficient in carbon 
(see Table VI), indicates an increase of the 
average mesotron energy with increasing depth. 
We should, therefore, expect L to increase as 
well, while the experimental values are practi- 
cally constant. 













































































To this argument we may offer the objection 
that the large variation of uw. does not neces- 
sarily imply an equally large variation of 
{1/pc)w. As a matter of fact, our absorption 
measurements were only carried out with com- 
paratively thin absorbers. Woodward and Street,” 
using much thicker absorbers, found no large 
difference in the absorption of mesotrons between 
Cambridge, Massachusetts, and Echo Lake. 
This would indicate that the energy spectrum, 
on the whole, does not change very much from 
3240 m down to sea level, although the relative 
number of slow mesotrons is strongly reduced. 
It is, therefore, questionable whether we should 
expect an actual variation of the average range 
larger than the experimental errors of our 
measurements. 

While we do not feel as if much weight should 
be attached to: the apparent disagreement dis- 
cussed above, it is perhaps worth while to ex- 
amine briefly an alternative interpretation of 
our results, namely that the observed behavior is 
due not to decay but to a difference in stopping 
power between air and carbon. This would imply 
an energy loss in air more than twice as large as 
in the same mass of carbon. 

As far as the ionization loss is concerned, no 
difference between air and carbon should be 
expected according to the Bloch formula. In 
fact, the atomic number of carbon is very close 
to the average of the components of air, and the 
Bloch formula predicts a very slow variation of 
the ionization loss per unit mass with atomic 
number. 

Experimentally, also, the absorption of meso- 
trons was found to be roughly proportional to 
mass, even comparing elements of widely differ- 
ent atomic number. This is, in particular, true 
for the absorption measurements in carbon and 
lead referred to in Table III which have been 
performed with exactly the same arrangement as 
used for measuring the absorption in air and 
carbon. Thus, quite independent of any assump- 
tion as to whether or not the mesotrons loose 
energy by ionization only, it appears very 
unlikely that the energy loss might be much 
larger in air than in carbon. Such an extra loss, 
as a matter of fact, would apparently imply the 


7 R. H. Woodward and J. C. Street, Phys. Rev. 49, 198 
(1936). 
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existence of nuclear phenomena occurring in air 
alone of all the materials so far investigated s 
Moreover, the hypothesis of a difference in the 
energy loss in air and in carbon would not bring 
our results into agreement with those on the 
variation of the intensity- with zenith angle, 


Actually, neglecting the decay, the intensity of, 


the mesotron beam should depend only upop 
the thickness of the atmosphere in the direction 
from which the mesotrons are coming. Nov, 
Auger and his co-workers, for instance,® haye 
found the vertical mesotron intensity at the 
depth of 680 g/cm? to be 1.45 times that of the 
mesotrons coming in at 30° from the vertical 
direction, i.e., under 680/cos 30°=786 g/cm? of 
air. From our curve, on the contrary, the ratio 
between the vertical intensities at h=680 and 
h=786 g/cm? turns out to be 1.3. This dis. 
crepancy is in the direction predicted by the 
disintegration hypothesis, since in the first case 
the change in the distance traversed by the beam 
is much greater than in the second case. 


CONCLUSION 


The reduction in number of cosmic-ray meso- 
trons was found to be much larger in a given 
mass of air than in the same mass of carbon. 

A careful investigation showed that disturbing 
effects such as coincidences due to extensive 
showers or to ionization showers cannot be 


® Professor E. Fermi kindly communicated to us recently 
the results of some calculations showing that a diminution 
of the stopping power of dense materials as compared with 
gases has to expected if one takes into account the 
dielectric polarization of the absorber in the electric field of 
the passing particle. An abstract of these calculations has 
just been published (see Phys. Rev. 56, 1242 (1939)). The 
influence on our measurements of the effect outlined by 
Fermi can be evaluated as follows. The mesotrons recorded 
without any absorber above the counters are those comi 
in with momentum larger than po. When an absorber is 
placed above the counters, the mesotrons recorded are 
those which reach the top of the absorber with momentum 
larger than (po+Ap), where Ap is the momentum loss ia 
the absorber. Since the air or carbon absorbers com in 
our measurements were not very thick (87 g/cm*), Apis 
small (cAp1.7 X 10® ev). Thus, if we neglect the decay, 
ue and yu, should be proportional to the energy losses in ait 
and carbon of mesotrons with po. If we take poc=3XI? 
ev and the dielectric constant of carbon equal to 2, it fo 
lows from the formula given by Fermi that je/ue=108, 
while the experimental values of ue/ue are 2 2, (see Table 
VI). It does not appear, therefore, as if Fermi’s correction 
could account for more than a small fraction of the di 
ferences found under the conditions of our experiments. 

*P. Auger, P. Ehrenfest Jr., A. Fréon and A. Fournmer, 
Comptes rendus 204 257 (1937). 
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nsible for more than a small fraction of the 
rved difference. — 

Similarly, it does not seem possible to account 
for this difference by a difference in the energy 
joss of mesotrons in air and in carbon. 

Consequently our results strongly support the 
hypothesis of the instability of the mesotrons 
which form the hard component of the cosmic 
radiation. 

The apparent lack of dependence of the 
average range upon atmospheric depth does not 
seem serious at the present because there is no 
definite knowledge about the variation of the 
mesotron energy spectrum with altitude and 
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because the statistical fluctuations in the experi- 
mental values of the average range L are still 
large. 

The writers acknowledge with thanks the 
helpful discussions and the support given to this 
work by Professor A. H. Compton. They are 
greatly indebted to Dr. J. C. Stearns for the 
facilities made available in Colorado and to Mr. 
O. E. Polk and Mr. W. Bostick for their generous 
assistance throughout the experiments. Finally, 
they wish to express their appreciation to the 
National Carbon Company for facilitating these 
experiments by lending them the large amount 
of graphite required. 
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Electrons Arising from the Disintegration of Cosmic-Ray Mesotrons 


Bruno Ross! 
Ryerson Physical Laboratory, University of Chicago, Chicago, Illinois 
(Received January 22, 1940) 


A simple theoretical expression is deduced for the ionization produced by the electrons 
arising from the disintegration of cosmic-ray mesotrons. 


EVERAL experimental facts indicate that the 

mesotrons which form the hard component 
of cosmic rays are unstable and that a consider- 
able number of them actually disintegrate as they 
come down in the atmosphere. In each disin- 
tegration process an electron is supposed to be 
produced which carries the electric charge of the 
mesotron, while, in order to fulfill the require- 
ments of the conservation laws, the emission of a 
neutrino is also postulated. The electron gets, 
on the average, half of the total energy of the 
mesotron and it then multiplies according to the 
cascade theory. Thus, the decay should increase 
the number of electrons which accompany the 
mesotron beam in the atmosphere, as compared 
with the number of those present in a condensed 
material. In the latter, of course, the disin- 
tegration practically does not occur until the 
mesotrons are stopped by ordinary energy loss 
and then the decay electrons have only a rela- 
tively small energy (half of the rest energy of the 
mesotrons, i.e., about 40 million ev). 


The number of electrons arising from the decay 
has been estimated by Ferretti and by Euler.’ 
The calculations involve the multiplication 
theory and are accurate to the same extent as 
the multiplication theory itself. This theory gives 
reliable results only for electrons with energies 
sufficiently larger than the critical energy E, 
(E.=1.5X10* ev in air), while most of the 
observed electrons have energies of the same 
order or smaller than E.. 

I wish to show that more definite conclusions 
can be reached by computing directly the amount 
of ionization produced by the decay electrons 
without recourse to the multiplication theory. 
The method is very obvious, but it may be of 
some interest since it provides a fairly accurate 
relation between measurable quantities, thus 
suggesting a further experimental test of the 
disintegration hypothesis. 

1B. Ferretti, Nuovo Cimento 15, 421 (1938); H. Euler, 


Zeits. f. Physik 110, 692 (1938). See also H. Euler and W. 
Heisenberg, Ergebn. d. Exakt. Naturwiss. 17, 1 (1938). 


























































Let c be the velocity of light, m» the rest mass 
of the mesotrons, 7» their lifetime, 8c the velocity, 
p=B/(1— 6")? the momentum measured in the 
moc unit, E=mpoc?(1+p")! the energy (including 
the rest energy), —(1/mpc*)(dE/dx)=a/* the 
ionization loss in air (measured in moc? per g/cm’). 
The experiments, by which we measure the so- 
called intensity of the hard component, generally 
give the number N of the mesotrons above a 
certain momentum fo, which is determined by the 
thickness x» of the absorber used to cut off the 
soft component. With a lead absorber of 14 cm, 
for instance (xo= 160 g/cm?), po is about 4. Let 
f(b) be the differential spectrum of the meso- 
trons. Then 


N= f f(p)ap.  ) 


Let W be the total energy removed by the decay 
from the mesotron beam in a layer of 1 g/cm? of 
air. We may put W=W,+W2+Ws, where W; 
represents the contribution of the mesotrons 
above po, W2 that of the mesotrons below fo» and 
W; that of the mesotrons which are brought to 
rest before disintegrating. The probability of 
decay in a layer of 1 g/cm? of air for a mesotron 
with momentum ? is 1/(pcrop), p being the 
density of the air. Then 


moc? @ (1+)! 








Wi= f(p) dp. 


PCT“ Do 


Since for p>po we may assume (1+ )7)!/p=1 
(the error is smaller than 3 percent for p>4), 


2 2 


N. (2) 








f(p)dp= 
PCT o” po pcTo 


W,= 


W; turns out to be small as compared with 
W,, due to the small number of mesotrons with 
momentum smaller than po. Hence, it is only 
necessary to estimate W2 approximately and a 
quite sufficient approximation is reached by cal- 
culating the momentum spectrum for p<o on 
the assumption that the absorption curve of the 
mesotron beam in a dense absorber has a con- 
stant slope between 0 and x». It follows that 


f(p) = ee (dp/dx) z= 2» 
(bo) —(dp/dx) rms 
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where —dp/dx is the ‘momentum loss” per 


g/cm? due to ionization and is given by 


dp —(dE/dx) (1+p%)! 
—-— =—————- = const . 
dx (dE/dp) p? 





Since we may assume (1+ ¢7)!/p.? = 1, it is 


f(b) =f(bo)p*/(1+p*)! 


and 


moc? Po Pp 
W.= 0 ——d 
wend), od 





moc? 
f(bo)(po—arc tg po). (3) 
pcTo 





Finally, on our assumption, the number of 
mesotrons which are brought to rest in 1 g/cm! 
of air is af(po), and the energy released by the 
subsequent decay of these mesotrons is 


Ws=moc*af(po). (4) 


The absorption coefficient u of the mesotron 
beam, as given by the absorption curve in q 
dense material at x=%Xo, is af(po)/N. Accord. 
ingly, (3) and (4) can be written as follows 





moc? N 
W2=——(po—arc tg po)—x, (3' 

pcTo a 
W3=moc?Nu. (4’) 


Assuming moc?=8 X10" ev, ro=2X10- sec, 

a=0.025 moc? per g/cm’, po=4, p=1.29X10 

/cm?, p=0.6X 10-* cm?/g (sea level values), we 
compute 


W,/N=1X10° ev per g/cm’, 
W:/N=0.065 X 10° ev per g/cm’, 
W;/N=0.05 X 10° ev per g/cm’. 


As already mentioned, half of the energy 
W:i+W2+Ws released by the decay goes into 
electrons, which then multiply giving rise to 
more or less complex showers. In any case, 
however, this energy is finally dissipated in the 
ionization produced either by the decay electrons 
themselves or by their secondary shower edlet- 
trons. Since the average energy Vo required to 
produce an ion is nearly a constant (Vo~32e¥), 
we are in a position to calculate immediately the 
amount of ionization due to the secondary ele 
trons arising from the decay. If we further 





this | 
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assume the penetrating power of the showers to 
be small as compared with that of the mesotron 
beam, formulae (2), (3’) and (4’) enable us to 
express the above ionization as a function of the 
local mesotron intensity N. We may state, 
indeed, that, as a result of the decay, each 
mesotron with momentum above po coming 
down from the atmosphere is accompanied by 
an electron radiation which gives rise to 


Jg=(Wit W2+ Ws)/(2Vo0N), or, at sea level, (5) 
Ja=1.7X10' ions per g/cm? of air. 


In order to estimate the relative magnitude of 
Ja, we may note that, at sea level, the ionization 
is mainly due to the mesotrons and to the 
secondary electrons to which they give rise 
either by close collisions with atomic electrons 
or by disintegration. Showers generated by 
primary electrons contribute only a small frac- 
tion. The total number of mesotrons is V(1+ yx») 
=1.1N. Their average energy loss may be taken 
as equal to 2X 10° ev per g/cm?, hence the total 
number of ions which they produce in 1 g/cm? is 
7X10‘N. This figure includes the ions generated 
directly as well as those produced by the elec- 
trons arising from close collisions. It follows that 
Jg amounts to (1.7X10*)/(710*)=0.24 times 
the ionization produced directly and indirectly 
by the mesotrons themselves. 

It should, therefore, be comparatively easy to 
test the existence of the decay electrons by 
ionization chamber measurements performed 
with and without a lead absorber in order to 
separate the electron from the mesotron com- 
ponent. Measurements at high altitude under a 
layer of some dense material should be compared 
with measurements at lower altitude without 
this layer, the amount of matter above the 
apparatus being the same in both cases. Under 
the dense layer electrons from primary showers 
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or from close collisions are still present, while the 
decay electrons are reduced to a negligible frac- 
tion of those observed under air. 

No such experiments with and without lead 
have been performed so far. Bernardini and his 
collaborators, however, carried out recently some 
counter measurements which failed to detect the 
decay electrons.’ Unfortunately, it is difficult to 
compute exactly the number of counts to which 
the decay electrons should give rise in an experi- 
ment like Bernardini’s, as the number of elec- 
trons recorded with a given counter set depends 
rather critically upon the experimental arrange- 
ment. A rough estimate may be obtained 
remembering that the intensity measurements 
on cosmic rays with ionization chambers and 
with counters can be brought into agreement by 
ascribing to the cosmic-ray particles a specific 
ionization equal to about 100 ions per cm of 
standard air, i.e., 7.7510‘ ions per g/cm?. It 
then follows from (5) that about 22 decay elec- 
trons from every 100 mesotrons above po should 
be expected at sea level. This number is large 
enough as to let Bernardini’s negative result 
appear as an argument against the hypothesis 
that the mesotrons may disintegrate with a 
lifetime as small as 2X10~-* sec. Since, however, 
a large arbitrariness is connected with the above 
choice of the specific ionization, it is not yet 
possible to decide whether or not a real disagree- 
ment exists between the results of Bernardini and 
those which support the hypothesis of the disin- 
tegration of mesotrons. 

The writer expresses his appreciation to Pro- 
fessor A. H. Compton and to Professor C. Eckart 
for reading and discussing the manuscript of this 


paper. 


2G. Bernardini, B. N. Cacciapuoti and O. Piccioni, 
Ricerca Scient. 10, 809 (1939). 
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On the Yield of Nuclear Reactions with Heavy Elements 


V. F. Wetsskopr AND D. H. Ewrnc* 
University of Rochester, Rochester, New York 


(Received November 20, 1939) 


The cross sections for different kinds of nuclear reactions are calculated as functions of the 
energy of the bombarding particles by means of statistical methods. Their application is re- 
stricted to heavy elements (A >50) and to bombarding energies greater than 1 Mev. The 
excitation curves of several (p,)-reactions have been measured for elements with A between 
60 and 115; it is found that the measured cross sections and their dependence on the energy 
suggests a nuclear radius of R=1.3<10-" XA! cm for these elements. Section I gives a com- 
plete discussion of the calculated cross sections. Section II and III contain the derivations of 
these expressions. Section IV describes the new experimental material and its implications for 


the theory. 





I. INTRODUCTION AND DISCUSSION OF RESULTS 


HE present paper deals with the excitation 
functions of nuclear reactions insofar as 
one is allowed to disregard resonance effects and 
other features due to the properties of individual 
nuclear states. Our considerations are therefore 
restricted to reactions of fairly fast particles on 
heavy nuclei in order to have many quantum 
states involved simultaneously. Such reactions 
as the capture of slow neutrons or the absorption 
of y-rays with an energy less than a few Mev 
must be excluded. The use of statistical methods 
for the description of nuclear processes arising 
from fast particles has been suggested by several 
authors’ and this paper presents a more 
detailed application of these methods to special 
problems. 

According to Bohr, nuclear reactions may be 
thought of as taking place in two stages: (a) the 
formation of a compound nucleus; (b) the dis- 
integration of the compound nucleus into a 
residual nucleus and an ejected particle. This 
division enables one to express the cross section 
of a nuclear reaction in the following way: 
Consider a reaction Y(a,b)Y’ (in short an 
“‘(a,b)-reaction”’), that is a process in which a 
nucleus Y is bombarded by a particle.a and a 
particle b is ejected from the compound nucleus, 


* Now at Smith College, Northampton, Massachusetts. 
1N. Bohr and F. Kalckar, K. Danske Vidensk. Selskab. 
24, 10 (1937). 
3 f. Frenkel, Physik. Zeits. Sowjetunion 9, 533 (1936). 
*L. Landau, Physik. Zeits. Sowjetunion 11, 556 (1937). 
‘V. Weisskopf, Phys. Rev. 52, 295 (1937). 
( 938) Konopinski and H. A. Bethe, Phys. Rev. 54, 130 
1938). 
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leaving a nucleus Y’. The cross section is given by 
o(a,b) =a) m(E). (1) 


Here o,(¢) is the cross section for the formation 
of a compound state by bombarding with a 
particle a of energy « and m™ is the relative 
probability of emission of a particle b by the 
compound nucleus Y+a which is excited with 
the energy E. Here E=e+E£, where E, is the 
binding energy of a in Y+<a. E, is defined as 
the energy which must be supplied to the lowest 
state of the compound Y+da in order to just 
dissociate it into Y and a. 

The cross section ¢, in turn can be split into 
factors 


Oa(€) = Sa(€)+ Ea(e). (2) 


Here S,(¢) can be described as the cross section 
for reaching the “‘surface”’ of the nucleus and §, 
is the probability that the particle a interchanges 
energy with the nucleus thus forming a com- 
pound state, whereas 1—&, is the probability of 
an elastic reflection. Both magnitudes are more 
accurately defined and discussed in Section II. 
For uncharged particles the “penetration cross 
section” S, is equal to the geometrical cross 
section rR? of the nucleus if X=A/27 is much 
smaller than the nuclear radius R, where is 
the wave-length of the particles. This condition 
is equivalent to «>0.2/(R? X 10**) where ¢ is the 
energy of the particle (neutron) in Mev and Ris 
measured in cm. S, increases with lower energies 
and is equal to rx? for X>R. For charged particles 
S. is much smaller due to the repulsive Coulomb 
force and is determined by the penetration 
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Fic. 1. Penetration cross sections S, for protons (upper curves) and Sq for 
a-particles (lower curves) as functions of the energy «. If ¢ is measured in Mev 
and the cross sections in cm? the relations are 


(2me/arh®) Sp =1.52€X 10*S,. 
(2me/ah?) Sa =6.08¢X 10* Sq. 


and 


x=6.9 X10%erAi/Z, 
x =3.45 X 10%er9Ai/Z. 


The graphs are computed for ro= 1.3 X10-" cm. Curves 1, 2, 3, 4, 5 belong to 
Z = 20, 30, 40, 50, 60, respectively. The scale of x in the upper curves is changed 


for x>1. 


probability through the potential barrier of the 
Coulomb field. The calculated values depend 
very strongly upon the assumed magnitude of 
the nuclear radii. It is generally assumed that 
the nuclear radius can be represented by the 
formula R=r,A! where A is the atomic number 
and ro is a constant having the dimensions of a 
length. The value of ro has been determined by 
several authors® from evidence on the Coulomb 
energy of light nuclei (A <25). Bethe has found 
ro=1.47X10-' cm and Barkas ro=1.43X10-" 
cm by analyzing the mass difference between 
isobars. These values, however, do not fit very 
well the experiments on the excitation functions 
of (p,n)-reactions for elements with A =60 and 
higher which are described in Section IV. These 

*H. A. Bethe, Phys. Rev. 54, 436 (1938); W. H. Barkas, 


ena 55, 691 (1939); E. Wigner, Phys. Rev. 56, 519 


experiments indicate that a smaller radius of 
ro=1.3X10-* cm would account for the results 
much better. One cannot exclude the possibility 
that ro depends on the atomic number and 
assumes smaller values in the middle of the 
periodic system. 

In the present computations ro= 1.3 X 10-8 cm 
is used since this value represents best the 
observed cross sections for bombardments with 
charged particles. The computed curves and 
most of the conclusions drawn from them in 
this paper would remain approximately valid also 
if further investigations show that the interpreta- 
tion and the determination of the nuclear radius 
from the curves were erroneous. 

The variation in S, with ¢« and the nuclear 
charge Z for protons and a-particles is shown in 
Fig. 1(a) and (b). The curves are calculated by 























+ 6 8 WwW 2 4 
ENERGY In MEV 


Fic. 2. The functions f,, fp and f, are given as functions 
of energy for the compound nuclei Cu, Zr and Sn. These 
values must be multiplied by 2 or 0.5 if the residual 
nucleus is odd-odd or even-even, respectively. Expression 
(21) for the level density is used in the computation. 


the W-K-B approximation method (see Section 
II) and may deviate from the real value by 
about 10 percent. S,/7X? is plotted as a function 
of x = e/B where B is the Coulomb barrier height. 
(B=Ze?/roA*=(Z/r0A*) X1.45 Mev if ro is meas- 
ured in units of 10-'* cm.) The W-K-B method 
sometimes gives kinks in the excitation curves 
which arise from the inaccuracy of the method. 
These kinks are flattened out in Fig. 1(a) and (b) 
but the changes do not amount to more than 
10 percent. 

The same curves can be used for other values 
of ro in the following way : the value of 2meS,/rh? 
is roughly independent of ro for x > 1 and assumes 
the value (2meS,/ ah?) 10" !r0* for x<1 if ro is 
changed to ro’. The value of the barrier B varies 
as Bro/ro’ =B’, so that x corresponds to different 
energies for different ro. This transformation is 
good within 15 percent for radii 1.210-* cm 
<ro<1.8X10—* cm. In the computation of 
Fig. 1(a) and (b) the atomic weight A has been 
put equal to that of the most abundant isotope 
occurring with the charge Z. The value of R is 


V. F. WEISSKOPF AND D. H. EWING 


not known well enough to distinguish here 
between the isotopes. 

The sticking probability £(€) is assumed to be 
roughly independent of the nature of the particle. 
In Section II reasons are given for assuming 
te for «<1 (€ expressed in Mev) and t~] 
for e¢>1. These formulae should give only a 
general trend; the experiments performed with 
protons indicate fluctuations of at least a 
factor 4. The probability & has been found to 
lie between 0.3 and 1.3 with the above values 
of S>. 

The relative probability m of the decay of the 
compound nucleus by emission of a particle b js 
considered to be independent of the way the 
compound nucleus is formed. This assumption js 
justified because of the rapid dissipation of the 
energy of the incident particle among the con- 
stituents of the compound nucleus. The proper- 
ties of the state created are thus to a good 
approximation independent of the ‘way the 
energy is supplied. 

Under this assumption is given by 


m=Ts/D Tw. (3) 
b’ 
Here I is the emission probability per unit 


time of the particle 6 by the compound nucleus; 
the sum is to be taken over all particles b’ which 
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of the excitation energy of the compound nucleus. 
binding energies E, and E, are put equal to 8 Mev. 
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can be emitted. In the following T, is expressed 
in energy units (%Xemission probability) and 
represents the partial widths of the compound 
level for the emission of 6 without specification 
of the state in which the residual nucleus is left. 

According to Section III the emission proba- 
bilities can be written as 


Ty=fo(E — Ey)/w(E), 


where w-(E) is the level density of the compound 
nucleus at the excitation energy E and f, is a 
function only of the difference between E and 
the binding energy E, of the particle b in the 
compound nucleus, which again is defined as 
the energy which must be supplied to the lowest 
state of the compound nucleus in order to 
dissociate it into Y’ and } with Y’ in its normal 
state. E—E, is the maximum energy 6 max 
the particle 6 can attain; but it does not attain 
this in most of the emission processes since the 
residual nucleus is generally left excited. (Of 
course, for photons E,=0.) The functions f, are 
dimensionless and do not depend in our approxi- 
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Fic. 4. Curve I: Energy distribution of neutrons leaving 
a compound nucleus (A =64) with a maximum energy of 
6 Mev. Curve II: Maxwell distribution corresponding to 
the appropriate nuclear temperature. 


mation on the properties of the compound 
nucleus. f,(E — E;) is the ratio between the width 
Ty and the level separation in the compound 
nucleus at an excitation energy E. It is now 
simpler to write instead of Eq. (3): 


m=fr(E — Ey)/> fo (E— Ey). (3a) 


If the functions fi(€ max) are given, the cross 
section for an (a,b)-reaction induced by a particle 
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a of energy «€ can be readily calculated by means 
of the formula: 


fole—T(a,b)) 


»b =S, *Sa°* . 
o(a,b) =S.(e)-é Eh —Tiab) 





Here T(a,b)=E,—E, is the threshold of the 
(a,b)-reaction. & can roughly be put equal to 
unity for e>1 Mev. The sum >» is to be taken 
over all possible reactions (a,b’). In this paper 
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Fic. 5. Energy distribution of protons leaving a com- 
pound nucleus (Z = 29) with a maximum energy of 6 Mev. 
Curves I and II are derived with two different expressions 
#” and w® for the level density of the residual nucleus. 
(See Section III.) 





we consider only processes which lead to the 
emission of neutrons, protons or gamma-rays. 
Processes which involve the expulsion of a-par- 
ticles are found only for light nuclei to which 
these considerations should be applied with 
great care. The f,’s corresponding to n, p, y-emis- 
sion, fn, fp, fy, can be calculated by means of 
formula (19) and are plotted in Fig. 2 for 
Cu(Z=29), Zr(Z=40) and Sn(Z=50) as func- 
tions of energy. The values of the f, for other Z’s 
can be found from Fig. 2 by interpolation. The 
accuracy of these curves is not expected to be 
very good because of the uncertainty in the 
assumptions about level densities. However, an 
error of more than a factor two is improbable. 
The strong increase of the particle widths with 
larger E is due to the increasing number of 
states in which the residual nucleus can be left 
and represents the energy dependence of the 
evaporation probability. f, is reduced by the 
effect of the potential barrier. The values of f, 
which are given should be considered as a very 
rough estimate of the orders of magnitude in- 
volved. The accuracy in this case is certainly 
lower than in the computation of f, and f,. 
The real breadths T, are plotted for Sn and 
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Fic. 6. The relative probability », for neutron emission 
as a function of the energy ¢ of the bombarding proton 
lotted for three different thresholds T of the(p,”)-reaction 
or Z=29. The heavy lines are computed with w® the 
broken lines with w® as expression for the level density. 


(See Section III.) 


Zn in Fig. 3, assuming the binding energy 
E,=E,=8 Mev. 

We now discuss the cross sections of several 
types of nuclear reactions and their energy de- 
pendence as computed from the expression (4) : 


A. Reactions induced by neutron bombardment 


In order that the formulae be valid it is 
necessary that the energy of the neutron be so 
high that many states of the compound nucleus 
are simultaneously excited. The minimum energy 
for this condition is probably about 1 Mev 
for A >50. 

1. (n,n)-reactions.—The most probable process 
after the formation of the compound nucleus is 
the reemission of the neutron. It is seen in 
Fig. 3 that the neutron width is greater than 
the radiation width for «>1 Mev. It is also 
greater than the proton width provided that the 
binding energy E, of the proton in the compound 
nucleus is not much lower than the binding 
energy E, of the neutron. E,—E, is certainly 
not less than 0.7 Mev because of the stability 
of the bombarded nucleus against 8-decay. We 


obtain therefore 7,1 and for the cross section : 


o(n,n)=rR? for ¢e>1 Mev. 


The energy distribution of the outgoing neutrons 
is given by Eq. (20). It is similar to a Maxwell 
distribution and is shown in Fig. 4 for 6-Mev 
neutrons bombarding Cu. 

2. (n,2n)-reactions.—If the residual nucleus is 
left after an (n,m)-reaction in a state with an 
excitation energy above the binding energy of a 
neutron, a second neutron is emitted by the 
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Fic. 7. The (p,7) cross section for Z=29 as function of 
the proton energy. Curve I for infinitely high (p,n). 
threshold, Curves II and III for 7(p,n)=4 and 3 {i 
respectively. 


residual nucleus. The residual nucleus could, of 
course, also emit its excitation energy in the form 
of y-rays but the probability of this process js 
small compared to the (m,2m)-reaction a few 
hundred kilovolts above the threshold of the 
latter reaction. The cross section for the (n,2n)- 
reaction can then easily be calculated from the 
energy distribution IJ(e)de of the outgoing 
neutrons. It is 


a(n,2n) =r f 1oae/ Te) de 
0 0 


where ¢’ = €n max — 7 (m,2n) is the maximum energy 
of an outgoing neutron for which the residual 
nucleus is left able to emit another neutron. 
One obtains approximately 


a(n,2n)=rR?*1 —(1+Ac/O)e~4*/*]), 


Here Ae is the excess energy of the primary 
neutron above the threshold of the (m,2n) 
process: Ae=e—E,’; E,’ is the binding energy 
of a neutron to the residual nucleus. 6 is given 
by @=2(5«/A)! Mev if «€ is expressed in Mev. 
This formula is based upon a Maxwellian dis- 
tribution of the secondary neutrons in the (n,n) 
process corresponding to a temperature 9 as 
derived in reference 4. This is a good approxi- 
mation for the high initial neutron energies 
necessary in the (,2m) process. 

3. (n,p)-reactions.—The yield of this reaction 
is naturally very small because of the strong 
competition of the (m,m) process. The cross 
section is given by 








o(n p) = R? fp(e—T(n,p)) 
fr(e—T(n,p)) +h 00) 
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Here 7(n,p) is the threshold of the reaction. 
The energy distribution of the outgoing protons 
is plotted for a maximum energy of 6 Mev in 
Fig. 5 according to formula (20). The form of the 
distribution curve depends strongly on the level 
density of the residual nucleus as shown in 
Fig. 5. Any experimental evidence would be of 
great value since our knowledge concerning level 
densities is very vague. . 

4. (n,y)-reactions.—The capture of a neutron 
is an extremely improbable process for neutron 
energies above 1 Mev. Some figures are given in 
Table I, which possess the same inaccuracy as 
the radiation widths. 


B. Reactions induced by charged particles 


The requirement that many states are simul- 
taneously excited is practically always fulfilled 
since a charged particle penetrates nuclei above 
A=50 to a measurable amount only at energies 
above 2 Mev. For the same reason £ can be put 
equal to unity throughout and the cross section 
for an (a,b) process is o(a,b)=S,(e)m. The 
reactions induced by deuterons are not discussed 
here. The comparatively small binding energy 
permits a break-up of the projectile before it has 
entered into the nucleus (Oppenheimer-Phillips 
process) so that methods based upon the forma- 
tion of a compound nucleus cannot safely be 
applied. 

1. (p,m)-reactions.—This is in general the most 
probable reaction induced by a proton. It must 
be remembered however that near the threshold 
the processes (p,p) and (p,y) may be com- 
paratively stronger. The (p,y) competition is 
negligible a few hundred kilovolts above the 
threshold. The factor as a function of the 
energy of the bombarding proton is given by 


Fale aa T(p,n)) 
n= - 
frle—T(p,n)) +f(©) 


and the calculated values for Cu for different 
thresholds are plotted in Fig. 6. We note that 





TABLE I. Values of the capture cross section 
for neutrons in cm? 











e=1 Mev 2 Mev 4 Mev 6 Mev 9 MEV 
Cu 2.2 x10-% 3.8 X10"? 1.0 X 10-7 6.0 X10-3 4.4x10-3 
Sn 5.5X10-% 1.1 x 107% 2.1X10-" 8.8 X10-3 5.5 X10-% 
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nn is never greater than about 0.8 for a (p,m)- 
reaction with a threshold of 3 Mev in the region 
of copper. The higher Z is, the less probable is 
the escape of a proton and the closer 7, is to 
unity. Fig. 4 is computed for a Y(n,p) Y’ reaction 
where Y’ is an even-odd or an odd-even nucleus. 
If Y’ is odd-odd the values for n, are higher and 
must be replaced by 7,’ according to the formula 


1/n,/= (3nnt 1)/4n, 


where 7, is taken from Fig. 6. This difference 
arises from the fact that a less stable nucleus 
has a higher level density and therefore a higher 
statistical weight than a stable nucleus. The 
curves are plotted for two different expressions 
for the level density of the residual nucleus. 
nn depends strongly on the particular properties 
of the level density if the bombarding energy is 
near the threshold. 

2. (p,2n)-reactions.—If the energy of the pro- 
ton is large enough, the residual nucleus of the 
(p,m)-reaction might be so highly excited that it 
emits another neutron rather than a y-ray. 
The threshold of this process is given by T(p,2m) 
=E,+E,'’—E, and.is expected to be about 
~10 Mev. E,’ is the binding energy of a neutron 
to the residual nucleus. The cross section can 
be computed in the same way as a(n,2n). We 
obtain: 


o(p,2n) = S,(e)n»L1—(1+Ac/O)e4*/"}. (5) 


Ae is the excess of ¢ above the threshold 7(p,2n). 
Evidently the yield of the (p,m)-reaction de- 
creases for «>7(p,2n) and it is 


o(p,n) =S,(€)n.— o(p,2n). 


3. (p,y)-reactions.—The capture of protons is 
a reaction which is important if the energy of 
the proton is below or in the neighborhood of 
the threshold 7(p,n) of the (p,m) reaction. The 
only competing process then is the (p,p)-reaction. 
The (p,7) cross section is given by 


Frle +E,) 
"fue +E, +hn(e—T(,n)) +hp(0) 


Fig. 7 shows the (, y) cross section as a function 
of « for Zn assuming that the binding energy E, 
is 8 Mev. This curve is to be considered only a 
qualitative picture of the effect expected. It is, 





o(p,7) =S 



































however, in fair agreement with measurements 
of Strain’ who found a cross section of roughly 
10-7 cm? for the reaction Ni™(p,y)Cu® at 
4 Mev. 

4. (p,p)-reactions.—The inelastic cross section 
of protons is given by ¢,—o(p,y) if the threshold 
of the (p,m)-reaction is not yet reached. Above 
the threshold it drops rapidly to very small 
values because of the high (p,m) competition. 
The value of 7, is given by 1—7, in a region 
where f,<f, and can be taken directly from 
Fig. 6 for Cu and neighboring elements. The 
energy distribution is the same as for (n,p)- 
reactions (Fig. 5). The (~,p)-reaction plays an 
important role in the excitation of nuclei by 
inelastic collisions. Barnes and Aradine® have 
found that the isomeric state of In"® can be 
excited by protons of 7 Mev bombarding In 
and have measured a cross section for this 
process of about 3X10-*® cm?. The excitation 
of the isomeric state is in most of the collisions 
performed by lifting the nucleus into a higher 
excited state from which it performs radiative 
transitions partly back to the ground state and 
partly to the isomeric state. A collision which 
brings the nucleus directly into-the isomeric 
state is a rare event because of the many other 
states in which the nucleus could be left. Thus 
the above value is a lower limit for the excitation 
cross section of In by proton bombardment. 
The calculated cross section for a (p,p)-reaction 
for 7 Mev is 0.6X10-** cm*. This shows that at 
least part of the observed effect may be attributed 
to inelastic collisions, but that the rest may have 
to be explained by other excitation processes.°® 

5. (a,n)-reactions—The most common reac- 
tion induced by a-particles is the emission of a 
neutron. If the threshold of the (a,p)-reaction is 
higher or close to the (a,m) threshold the proton 
competition is small and we get 7,~1 and a 
cross section equal to S.. If, however, T(a,m) 
>T(a,p) the (a,p) competition can be appreci- 
able. n, can be calculated along the same lines 
as for (p,m)-reactions. If the a-energy is suffi- 
ciently high the compound nucleus is able to 
emit two neutrons, and the (a,”) cross section is 


7C. V. Strain, Phys. Rev. 54, 1021 (1938). 
*S. W. Barnes and P. W. Aradine, Phys. Rev. 55, 50 


(1939). 
* For other excitation possibilities see V. F. Weisskopf, 


Phys. Rev. 53, 1018 (1938). 
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decreased by the (a,2) competition. It is then 





o(a,n) = Sann—o(a,2n). 


6. (a,2n)-reactions—The threshold of the 
(a,2n) reaction is hard to predict owing to the 
lack of knowledge of the binding energy of an 
a-particle. This value is about four times ag 
uncertain as the binding energy E, and E, of 
the elementary particles since we may write: 
Ea=En+E,'+E,+E,'—28 Mev. Here E,’ and 
E,’ are the energies necessary to remove the 
second neutron or proton from the compound 
nucleus, respectively, the value 28 Mev is intro. 
duced for the mass defect of the a-particle. 
More information could be obtained by meas. 
uring the threshold of the (a,2m) reaction, 
According to the relation T(a,2n)=E,+E,'—R, 
the uncertainty of E,. would be reduced. 

If we assume roughly E,=E,’=E,=E,'=9 
Mev we would obtain 7(a,2n)~10 Mev. The 
cross section o(a,2n) is given by formula (5) if 
S, is replaced by Sa and Ae=e—T(a,2n), 
a-particles of 16 Mev should therefore give 
(a,2n)-yields comparable to the (a,n)-yields. 

7. (a,y)-reactions.—The capture of an a-par- 
ticle becomes quite probable below the threshold 
of the (a,m)-reaction. A quantitative treatment is 
difficult because of the lack of knowledge of the 
binding energy E. and thus of the excitation 
energy of the compound nucleus. The behavior 
of the (a,y)-reaction is qualitatively similar to 
that of the (p,7)-reaction. 

8. (a,p)-reactions—If the energy « of the 
a-particle is lower than the (a,m) threshold, the 
main competing process is the (a,y) reaction. 
Quantitative predictions can so far only be made 
if e>7(a,n). The strongest competing process is 
then the neutron emission and we may write 


ie frle— T(a,p)) 
7 fple—T(onP)) +fale—T(aun)) 





9. (a,a)-reactions.—This type of reaction should 
be excluded since we have assumed that the 
emission of an a-particle by the compound 
nucleus is under all circumstances extremely 
improbable and has not been observed with 
heavy nuclei (A >60) outside of the radioactive 
group. The cross sections obtained by an applic 
tion of our formulas are very small indeed. Even 
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for an a-particle energy of 16 Mev we get 
o(a,a)23 X10 cm? for Cu and o(a,a)=4 
x10-** cm? for Sn. Here it is assumed that the 
binding energy of the a-particle in the compound 
nucleus is equal to that of the neutron. If the 
latter is larger by 4 Mev the cross section is 
about ten times as large. This small value of 
o(a,a) seems to exclude the possibility of ex- 
citing In™® to In"** by means of an (a,a)- 
reaction. Since this excitation does take place" it 
is most probably due to the electric field of the 
a-particle passing by. The possibility however 
of an inelastic collision without formation of a 
real compound nucleus cannot be ruled out. 
Because of the high internal binding energy, an 
energy exchange could take place without 
“dissolving’”’ the a-particle in the nucleus. 


II. THE FORMATION OF THE COMPOUND NUCLEUS 


A nucleus Y in the state a, which is not 
necessarily the ground state is bombarded by a 
particle a with energy «. The formation of a 
compound nucleus depends on two factors: first, 
the particle must come close enough to the 
nucleus to be within the range of the nuclear 
forces, and, second, an energy exchange between 
the particle and the nucleus must take place since 
a pure elastic reflection is not considered as in- 
volving the formation of a compound state. 
The short range and high intensity of the nuclear 
forces make it possible to distinguish between an 
inside and an outside region of the nucleus. The 
outer region determines the first factor, the inner 
' region the second. 

Let us decompose the incident particle beam 
into partial beams with orbital angular momenta 
hl, l=0,1,2---. The cross section oaa for the 
formation of a compound state can be written as 


T 


Gea = 20a” =—)P)(21+1)Qaa™. 

i R21 
Here k is the wave number of the incident 
particle: k= 2x/d. Since (2/+1)x/k? would be the 
cross section if the entire /th partial wave were 
absorbed, Q.. is always smaller than unity. 
In order to express the two factors which deter- 


*K. Lark-Horovitz, J. R. Risser, R. N. Smith, Phys. 
Rev. 55, 878 (1939). 
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mine the formation of the compound nucleus 
we write 


Qaa®? = PE. (6) 


Here P,“ is the penetration probability of the 
incoming wave into the surface of the nucleus 
and £4" is the sticking probability of the 
particle. This splitting of Q.. into two factors 
is somewhat artificial since the sticking proba- 
bility itself depends on the phase and slope of 
the incoming wave function but it can be used 
in an attempt to distinguish between the well- 
known part of the collision process which takes 
place outside of the nucleus and the unknown 
part inside. In order to get expressions which 
are close enough to the classical concepts of 
penetration and sticking we define P,“ so that 
it is unity for an uncharged particle a with zero 
angular momentum and for any angular mo- 
mentum for which A€R, and that P,“ goes to 
zero for X>R. Thus in the classical limit of 
X<R, P, is unity if a particle with the angular 
momentum /h would hit the nucleus and is zero 
if this particle would not hit it. In general 
P31 and is determined by the repulsive 
effect of the Coulomb field in the case of charged 
particles and by the centrifugal force if 10. 

The penetration probability P,“ through the 
field outside the nucleus can be best computed 
by considering the particle a emitted rather than 
absorbed by the nucleus, since the wave function 
of an incident and partly absorbed particle beam 
depends strongly upon the conditions of elastic 
reflection, while the wave function of an emitted 
particle is a simple outgoing radial wave. The 
expression for P,‘ which is used in this paper is 
given by 


P.O =1/| F.|?* (7) 


where F, is the radial part* of a wave of the 
particle a emerging from the center of the nucleus 
with an orbital angular momentum /h taken at 
the distance R from the center if its value at 
infinity is given by e**+*, § is an arbitrary phase. 
The nuclear radius R is put equal to the closest 
distance from the center in which the nuclear 
forces can be neglected. 1/| F,|* is defined by 
the forces outside of the nucleus and represents 


* We understand by radial part the function u(r) if the 
total wave function is given by y=r~u(r)- Y(8, ¢). 











the factor by which the intensity of an outgoing 
wave is reduced after having penetrated the 
potential barrier between the surface of the 
nucleus and infinity. 

This magnitude fulfills the requirements of 
P,™ mentioned above and describes as closely 
as possible the reducing effect of the potential 
barrier around the nucleus. Furthermore, it is 
in agreement with the results of Kapur and 
Peierls.“ According to these authors the emis- 
sion probability ['.. of a particle a with angular 
momentum leaving the nucleus in the state a is 
given by 


2 
>r..(9 =— 

m | Fa |? 
Here m is the mass of the escaping particle, k is 
its wave number at an infinite distance from the 
nucleus, |¢.°” |? is the square of the wave func- 
tion ¢ of the compound nucleus taken at a point 
in the configuration space which corresponds to 
the particle a being at the distance R and the 
residual nucleus being in the state a, and in- 
tegrated over all coordinates except the distance 
of a from the center. ¢ is normalized according 
to {'|¢|*%dr=1 where the integral is taken over 
all coordinates within the nuclear sphere. In the 
expression (8) the factor |¢.°|? is mainly 
determined by the forces inside the nucleus. In 
the approximation attempted here we consider 
this factor as completely independent of the 
field outside. Thus the remaining factors of (8) 
must contain the penetrability P,“. The require- 
ment that P,“ should be unity for uncharged 
particles and /=0 for all values of k, leads at 
once to (7) since | F,|*=1 for a free particle. 
In case of the bombardment of heavy nuclei 
it is often impossible to distinguish between dif- 
ferent angular momenta because many levels 
with different angular momenta are in resonance 
simultaneously. It is more useful then to write 


da‘ |?. (8) 





—— — > (27+1)P.. (9) 


2 [= 


Coa ekaas 


Here fae is an average sticking probability. 
The P,“ can be readily calculated according 
to (7) if the particle is uncharged. It is 
Po = (2/eRk)- | Hiss (RR) |~*. 


u P, L. Kapur and R. Peierls, Proc. Roy. Soc. A166, 277 
(1938). 
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Here Hi,;(x) is the Hankel function of the 
first kind. We obtain in particular 
P,™=1 for Rk>l 


— (Rk)?! 
. = f 

[(21+1)(2!—1)(2/—3)--- 2 or Rk<i, 
The classical limit R>1/k is characterized by 
the formula 





S,=7R?. 

The expressions for the case of charged par- 
ticles are calculated with the W-K-B method 
which can be applied with sufficient accuracy for 
nuclei with Z>20. According to our definition 
(7) of the penetration probability the values are 
different from those used so far by Bethe” and 
Konopinski and Bethe.* From (7) it follows that 


jams 
P o=(= ye 201 


zZe? 
R 


in which C; is a function given by Eq. (631) in 
reference 12 and which is plotted in reference 5, 
B, is the energy barrier height for a particle with 
angular momentum Al. ze is the charge of the 
particle a. The approximate formula (10) does 
not hold for energy values near the barrier B,. 
It is, however, possible to use (10) for the cal- 
culation of S, (formula (9)) for elements with 
Z>20 since the contribution of the /th partial 
wave for e~B, is only a small part (less than 10 
percent) of the total S,. The values of S, obtained 
by this method are plotted in Fig. 1(a) and (b) 
for protons and a-particles respectively. 

A direct calculation of the sticking probability 
ta is impossible because of our lack of knowledge 
of the interior of the nucleus. A few conclusions, 
however, can be obtained by considering the 
general properties of this quantity. We assume 
in the following that the sticking probability is 
equal for neutrons and protons due to the fact 
that the Coulomb forces do not play an im- 
portant role inside the nucleus. Furthermore we 
assume that the sticking probability depends 
only on ¢ and not on / or on the particular state 
of the nucleus. The energy dependence of & can 
be predicted in two limiting cases. 

2 H. A. Bethe, Rev. Mod. Phys. 9, 161 (1937). 
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For very small k(kK1/R) only the s wave 
(J=0) and only a small part of it can be absorbed. 
The corresponding £ will be much smaller than 
unity. § should be mainly proportional to k: 


g=c-k. (11) 


This dependence of £ is identical with the so- 
called 1/v-law for slow neutrons since the cross 
section ga is proportional to 1/v if P,=1 and 
t=c-k is inserted into (6). For large k (classical 
limit) it is very probable that the ¢’s should be 
of the order of unity since the particle interacts 
strongly with all nuclear constituents when it 
reaches the nuclear surface; it is likely therefore 
that the particle’s energy is transferred to the 
nucleus and leads to a process other than elastic 
reflection. 

The value of the constant c in Eq. (11) and the 
energy for which £ reaches the order of unity 
can so far only be taken from experiment. Some 
evidence can be drawn from slow neutron capture 
experiments. According to Bethe” the escape 
probabilities of slow neutrons (neutron widths) 
are roughly proportional to k. The order of mag- 
nitude of the actual values can be fairly well 
represented by the assumption that =e! for 
«<1 if € is expressed in Mev. From this result 
it seems reasonable to assume that ¢=1 for e>1. 
The experiments with fast particles are in agree- 
ment with this assumption. The scattering of 
fast neutrons is mostly inelastic* and in Section 
III of this paper evidence is given for taking the 
sticking probability for protons above 3 Mev to 
be between 0.3 and 1. 

The above considerations can be applied to the 
emission and absorption of y-rays. We write the 
cross section oy.‘ for the absorption of a 2'-pole 
radiation of the energy « by a nucleus in a state a 
in the form 


Oya? = ((20-+1) 4 /R)P 1 (€)Eya. (12) 


P,(€) is identical with P, for uncharged 
particles with the same wave number, and ex- 
presses the fact, that radiation of a higher pole 
is less likely to be absorbed. If the wave-length 
of the light is large compared to R the assumption 


* New measurements of R. Bacher have shown that at 
least 95 percent of neutrons having energies from 3 to 5 
Mev are scattered inelastically by Al, Cu and Pb. We are 
indebted to Dr. Bacher for communicating his results to us 
before publication. . 
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(11) about £é is again justified. This relation is 
equivalent to an absorption probability propor- 
tional to the intensity of the /th spherical har- 
monic component of the incident wave at the 
nucleus. 

The sticking probability can be expressed in 
terms of the average matrix element (| Mq°(€) |*)x 
of the 2'-pole moment of the nuclear transition 
from the state a to a state with an energy higher 
than that of a by an amount e. One obtains 


§,=Const-k-(|M,(6)|?)4/D(e), (13) 


where D(e) is the average distance between 
the levels reached by this transition. The 
constant is independent of «. The relation (11) 
is then identical with the assumption that 
(| M.(€)|*)~/D(e) is approximately independ- 
ent of the energy e. 

The experimental knowledge about these 
quantities is very limited. The cross section for 
y-absorption is known to be ~ 10-*¢ cm? for y-rays 
of 17 Mev.'* On the other hand, the lifetime of 
low excited states of some radioactive elements 
has been found to be of the order of 10-” sec." 
which corresponds to a I’, of 10-* ev. The exci- 
tation energy of the levels investigated is about 
1 Mev. In order to check our assumptions, we 
determine the factor c in (11) from the observed 
cross section for 17-Mev y-rays. Formula (12) 
gives for quadripole radiation 


t,~«/270 ein Mev. (14) 


The relation between emission and absorption 
probability can be expressed by 


9 





P,O= D(eore\(0). (15) 


(21+-1) rh*c? 


I,“ is the emission probability of a 2'-pole radia- 
tion of energy ¢ leaving the nucleus in the state a, 
averaged over all states from which this transi- 
tion is possible. For the sake of simplicity the 
spin of the state a is assumed to be zero. This 
expression gives an emission probability for a 
y-ray of 1 Mev (quadripole radiation) of 
r,®~10-* ev by using (14), if one assumes a 
value of 1 Mev for the distance between the 


lowest levels with spin 2. Although this value is 


us Mf Bothe and W. Gentner, Zeits. f. Physik 106, 236 
(1938). ' 
4 See H. A. Bethe, Rev. Mod. Phys. 9, 229 (1937). 
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about ten times smaller than the observed, we 
believe that the assumption (14) is justified. The 
expression (13) shows that £, contains strongly 
varying functions, since D() changes by a factor 
~10’ when ¢ goes from 1 Mev to 17 Mev; a 
discrepancy of 10 should not therefore be con- 
. sidered as serious in this crude approximation. 
Furthermore it is seen in Fig. 3 that the values 
for the radiation width of slow neutron capture 
levels (ES8 Mev) calculated on the basis of the 
above assumptions, have the order of magnitude 
~10-7 Mev, which fits the present experimental 
evidence. This width is calculated by means of 
(17) and by making use of (14) and (15). 


III. THE DISINTEGRATION OF. THE 
CoMPOUND NUCLEUS 


The division of a nuclear process into two 
stages—the formation and disintegration of the 
compound nucleus—is based upon the assump- 
tion that the disintegration of the compound 
nucleus is independent of the way in which it has 
been created. This assumption is certainly not 
correct. It is known from the dispersion formula 
for nuclear reactions that the contributions of 
the different excited compound states add up 
with definite phase differences depending on the 
manner of excitation. If, however, many com- 
pound states are excited simultaneously, one 
may reasonably assume that the phase relations 
between the different states are random.* The 
compound states would then, to a certain ap- 
proximation, disintegrate independently of one 
another; in other words, the disintegration is 
incoherent. This does not hold for the disintegra- 
tion which leads to the original state; the elastic 
scattering of the incident particle takes place 
coherently no matter how many intermediate 
states are excited. The elastic scattering, how- 
ever, is not considered here as a process involving 
the formation of a compound nucleus. 

Under these assumptions the probability 7 for 
the decay of the compound nucleus of the com- 
pound nucleus by the emission of a particle 5 is 
given by (3). The particle widths I, are inde- 
pendent of the way the compound state is 


*In order to apply the term “compound state” it is 


furthermore necessary that the states of the compound 
nucleus which are not in resonance do not contribute es- 
sentially to the cross section. 
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formed, and depend on its excitation energy F 
its spin and other properties of the nucleus, We 
understand in the following by I, the ave 
value of the emission probability of 6 taken ove; 
all states having an excitation energy near to E 
above the ground state of the compound nucleys. 
The value of IT is then a function of E only, 
We write 


r= ZT, (16) 


where I'5g" is the probability of escape of b from 
the compound nucleus with an angular mo. 
mentum /h and leaving the residual nucleus in a 
definite state 8 with energy Es. The energy of the 
escaping particle is «,=E—E,—Es. Evidently 
the Tyg” are also average values over all com. 
pound states with excitation energies near F. 
T'y3 is the probability of the reverse process to 
the formation of a compound nucleus by a par. 
ticle b hitting the residual nucleus in the state g. 
The cross section for this, os, has been calcu- 
lated in the previous section. The following rela- 
tion for the two opposite processes can be 
derived from simple statistical considerations: 


‘ wm _ SED A+1) me, %\.). 
8 oo(E) a (9. (17) 





Here wc(Z) is the level density in the compound 
nucleus of the excitation energy E; we(E)dE is 
the number of levels in the interval dE, an n-fold 
degenerate state is counted as m levels. s andi 
are the spins of the particle b and the state 8 
of the residual nucleus, respectively. According 
to the assumptions about & made previously, 
avs does not depend on the state 8 and we omit 
this index in what follows. After summation of 
expression (17) over / and 8 and after introduc- 
tion of (9) we get 


2s+1 m 
- 72 (25+ 1) Sela) Eoe. (18) 


Ye wlll 





We replace the sum by an integral and get 
finally : 


fo=oc(E)Ty 


m E-—E»b 
== 2st) J €53(€)tswr(E—E,—e)de. (19) 
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Fic. 8. Transmission of the proton beam by aluminum. 


wr(E) is the level density of the residual nucleus 
and fs is a function of E—E, only. The relative 
energy distribution J,(e) of the emitted particles 
is given by 

I(e€) =Const: e- So(e)fswr(E—E,—e). (20) 


A large inaccuracy in the computation of f, 
is due to the lack of information about level 
densities. In the present calculations ‘two ex- 
pressions for w(E) are used. The first is 


w)(E) = Cee, (21) 


The constant a depends on the atomic weight. 
The choice a=A/5 (Mev) represents roughly 
what is known about the level densities and their 
dependence on atomic weight and energy. The 
proportionality with A follows from almost all 
theoretical attempts to derive a formula for 
w(E) and the numerical value is chosen in order 
to get a level distance of about 10 ev for the 
region where slow neutrons are absorbed in ele- 
ments with A ~100 and about 3—5 levels below 
1 Mev excitation energy. In order to compare 
nuclei of similar A we assume that the level 
density is higher for less stable nuclei. We obtain 
thus the relations: 


Coat-oven = Ceven-odd» Connor < Coren-cdd < Codd-oda- 


Here Cyaa-even refers to a nucleus with odd Z and 
even N=A—Z, etc. Coadeven is put equal to 
roughly 0.2 (Mev)-*. The absolute value of C 
drops out of the final result since a common 
factor in the level density expressions of different 
nuclei does not alter 7. 

Another expression —w)(E)— for the level 
density is taken from the tables computed by 
Bardeen and Feenberg!® which should only be 

* J. Bardeen and E. Feenberg, Phys. Rev. 54, 809 (1938). 
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applied to nuclei for which A <60. The results 
are similar to those obtained with w™ if one 
inserts into the formula for w™: 


Conners = 2Coaa, even > 4C.ad-oaa- 


It should be mentioned, that the expression 
(3) for m, is not very sensitive to the choice of the 
formulae for the level density, since all I, are 
usually affected in a similar way if a different 
level density is introduced. The formulae should, 
however, not be applied to nuclei below A ~50 
because the level density and the sticking prob- 
abilities of light nuclei are subject to large in- 
dividual fluctuations. 


IV. COMPARISON WITH EXPERIMENT 


In order to compare the calculated cross sec- 
tions with experiment several (p,m) reactions 
have been studied with the 6.5-Mev proton beam 
of the Rochester cyclotron. To obtain the de- 
pendence of the cross section o(p,) on the energy 
of the incident particles, thin target excitation 
functions have been measured by means of the 
well-known method of stacking thin foils. Special 
attention has been paid to the homogenity of the 
beam by measuring the energy distribution be- 
fore and after bombardment. This has been done 
by means of a cylindrical evacuated chamber 
covered with an aluminum window having a 
thickness of one-thousandth of an inch. The 
current received by the chamber was measured 
as a function of the thickness of aluminum ab- 
sorbers placed in front of it. A typical curve is 
shown in Fig. 8. From this curve the energy 
distribution of the beams has been computed 
taking account of the straggling in the Al foils. 
Under the conditions of the measurements the 
inhomogeneity was of the order of 300 kev. As 
the variation of the theoretical and experimental 
excitation functions in such a small interval is 
not very large, this inhomogeneity has been 
neglected. The radioactivity produced was meas- 
ured by counters and by ionization chambers and 
the calibration was done by means of a standard 
U;Os sample. 

The reactions investigated were ** 

% Reaction 5 has been measured by T. Enns and reaction 
7 by S. Barnes, both of this laboratory. We are indebted 


to both observers for the communication of their results 
before publication. 
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Fic. 9. Observed (~,#) cross sections as a function of the 


proton energy. The elements listed in the figure are in each 
case the radioactive elements produced by the reaction. 
The two curves are the theoretical cross sections S, for 
Z=30 for two values of ro. 


SAM WwW De 


. Ni® (p,) Cu® (half-life 3.4 hours) threshold 3.0 Mev 
. Ni* (p,n) Cu® (half-life 12.2 hours) threshold 2.5 Mev 
. Cu® (p,m) Zn® (half-life 38.2 min.) threshold 4.1 Mev 
. Zn® (p,m) Ga® (half-life 72 min.) threshold 3.7 Mev 
. Pd (p,") Ag™ (half-life 25 min.) 

. Ag (p,m) Cd (half-life 6.4 hours) 

. Ca™ (p,m) In™ (half-life 48 hours) 


The excitation functions (cross sections as func- 
tions of the energy) are plotted in Fig. 9. The 
accuracy of these values is not better than 20 
percent and probably worse for low energies. The 
reaction 6 is not yet assigned to an isotope of Ag. 
The abundance, however, of both silver isotopes 
is nearly equal so that cross sections could be 
evaluated. Another difficulty arises from the fact 
that the radioactivity of Cd produced in that 
reaction consists of an emission of a 92 kev y-ray 


(1939). 


following a K capture.’’ Since the internal con- 


17 G. E. Valley and R. L. McCreary, Phys. Rev. 56, 863 
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version coefficient of this y-ray is not known the 
excitation curve of the reaction 6 is undetermined 
by a constant factor. We have chosen the factor 
to fit the theoretical value of the cross section for 
the highest energy. This would correspond to an 
internal conversion coefficient of about 1/19 
which is roughly the value expected for a dipole 
radiation of this energy. 

The ratio oovs/¢theor Of the observed and the 
calculated value is plotted as function of the 
energy in Fig. 10. According to the formulas (1) 
and (2) we get 


Fovs/Otheor = Ep° nn/ (Nn) theor, 


since for our theoretical calculations we have 
assumed that §,=1. By taking the value and 
energy dependence of £, equal to that of &,, the 
ratio n/(n)theor is just about unity. It is not 
exactly unity because of the different energies of 
the neutrons and protons emerging from the 
compound state. Within the accuracy of the 
present calculations and measurements we are 
allowed to put 
Sobs/Otheor = Es. 


The results show that with our choice of ro>=1,3 
<10- cm the sticking probabilities of protons 
range between 0.3 and 1.3. With the exception of 
reaction 5 they do not show a definite energy 
dependence. The low values for the reactions 1 
and 2 are perhaps due to a wrong assumption 
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Fic. 10. Proton sticking probabilities for different (p,»)- 
reactions at different energies. The significance of the signs 
is explained in Fig. 9. 
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about the abundance of the Ni isotopes which 
are not very well known. The assumption of a 
larger radius 7o would produce smaller values of 
¢, and would give rise to a definite tendency to 
increase with higher energies. This would be in 
disagreement with our knowledge about sticking 
probabilities, insofar as we are allowed to apply 
evidence taken from neutron experiments to 
proton reactions and to the extent that we may 
trust the theoretical reasons for choosing a stick- 
ing probability near unity for the energies in 
question. 

These assumptions can be tested by determin- 
ing the nuclear radius with the aid of other inde- 
pendent methods. The most direct method is the 
measurement of the cross section for an inelastic 
neutron-collision ((,m)-reaction), which should 
be equal to 7R? for neutron energies of several 
Mev or more. The existing measurements of this 
cross section by Graham and Seaborg"® are not 
very conclusive. Their observed values give 
r= 1.60 for C, 1.65 for Al, 1.7 for Zn, 1.5 for Sn 
and Sb and 1.35 for Pb in 10—* cm. The values 
for C and Al'® are in definite disagreement with 


‘the very accurate values obtained by Wigner® 





#8 PD. Graham and G. Seaborg, Phys. Rev. 53, 795 (1938). 

1# The experiments on Al have been done by G. Kuerti 
and S. N. VanVoorhis, Phys. Rev. 56, 614 (1939)) and sug- 
gest a value of not more than ro>=1.35X 10-4 cm. 


from the maximum energy of the 8-decay leading 
to these elements. 

Pollard, Schultz and Brubaker®® have tried to 
determine the magnitude r» for Cl, Al and A by 
fitting observed excitation curves for a-induced 
reactions to the theoretical curves. They find 
values of 1.9410-" cm and higher. However, 
the expression used for the penetration prob- 
ability is the part for /=0 only. The contribution 
of higher /’s is by no means negligible and is even 
higher than the /=0 contribution for energies 
comparable to the barrier. Taking all /’s into 
account their observed curves can be fitted with 
a value of ro>=1.5X10-" cm. It should be added 
furthermore that the expressions derived by the 
W-K-B method are very poor approximations for 
light elements. 

Further measurements of the cross section for 
inelastic neutron scattering together with more 
and better measurements of the excitation func- 
tions for (p,m) and (a,m) reactions would greatly 
clarify the proper assumptions for a valid theory. 

We are much indebted to Dr. L. A. DuBridge 
and Dr. N. VanVoorhis for their continuous 
interest and for their invaluable help in our work 
and to Mr. A. B. White for several numerical 
computations. 


20 E. Pollard, N. Schultz and G. Brubaker, Phys. Rev. 
53, 351 (1938). 
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It is shown that the loss of energy of a fast charged 
particle due to the ionization of the material through which 
it is passing is considerably affected by the density of the 
material. The effect is due to the alteration of the electric 
field of the passing particle by the electric polarization of 
the medium. A theory based on classical electrodynamics 
shows that by equal mass of material traversed, the loss is 


HE determination of the energy lost by a 
fast charged particle by ionization and 


* Publication assisted by the Ernest Kempton Adams 
Fund for Physical Research of Columbia University. 





larger in a rarefied substance than in a condensed one. The 
application of these results to cosmic radiation problems is 
discussed especially in view of the possible explanation on 
this basis of part of the difference in the absorption of 
mesotrons in air and in condensed materials that is usually 
interpreted as evidence for a spontaneous decay of the 
mesotron. 


excitation of the atoms through or near which 
it is passing has been the object of several 
theoretical investigations. The essential features 
of the phenomenon are explained as well known 
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in terms of a classical theory due ta Bohr; the 
electrons near which the particle passes are 
treated as classical oscillators that are set in 
motion by the electric field of the passing particle. 
The energy thus absorbed by the electrons is 
equal to the energy lost by the particle. This 
theory gives a satisfactory description of the 
influence of the impacts for which the minimum 
distance b between the electron and the passing 
particle is larger than the atomic dimensions. 
Quantum mechanical corrections have to be 
introduced for the very close impacts, when the 
particle passes through the atom. 

Both in the classical and in the quantum 
mechanical theories the action on every atom 
has been discussed so far by neglecting the 
perturbation of the field of the passing particle 
arising from the electric polarization of the 
surrounding atoms. A detailed analysis shows 
however that in some cases these polarization 
effects are very important.! 

The influence of the polarization has been 
calculated in the present paper on the basis of 
the classical theory. This may be expected to 
give correct results for at least that part of the 
energy loss which is due to collisions at distances 
b greater than the atomic radius. 


THEORY 


The field of a charged particle moving through 
a medium having dielectric properties is affected 
by the polarization of the medium. We shall 
first calculate the field by applying classical 
electrodynamics. The amount of energy lost by 
the particle at distances greater than a certain 
minimum distance } from the path of the particle 
will then be calculated as flux of the Poynting 
vector across a cylindrical surface of radius } 
having the path of the particle as axis. We may 
reasonably hope to get in this way a correct 
estimate of the losses due to the atoms for which 
b is somewhat larger than the interatomic dis- 
tances. Indeed we might then expect the quantum 
mechanical correction not to be very important; 
moreover a description of the dielectric properties 
of the medium with a continuum theory is 


permissible. 


1The possibility that a screening effect due to the 
polarization of the medium might reduce the ionization loss 
103 syeneed by W. F. G. Swann, J. Frank. Inst. 226, 598 
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We write the Maxwell equations in the usyaj 
form: 


div (E+4xP) =4rp, (1) 
div H=0, (2) 

crot E=—H, (3) 

crot H= E+4nrP+4rp V, (4) 


where E, H, P, p, V are; respectively, the electric 
and magnetic field strength, the electric polariza. 
tion vector, the density and velocity of the 
electric charges. The magnetic polarization of 
the medium has been neglected. 

The relationship between E and P can be 
simply expressed on the assumption that the 
electrons are elastically bound to equilibriym 
positions and are furthermore subjected to a 
friction force. It is then: 


E=—(P+2pP+»'P), ' (5) 
ne 


where m, e, nm are the mass, the charge and the 
number of electrons per unit volume; y9/2r is 
the frequency of the electronic oscillators when 
E=0; 2p is the coefficient of the friction force, 
Let E, and P, be the components of frequency 
v/2m (with the time dependence: exp (—ivé)) in 
the harmonic analysis of E and P; we have 
then: 
m 
E,=—“(o? — v?—2ipr)P,. (6) 
ne? 
In general we may assume between E, and P, 
a relationship of the type: 


E,=4ry(v)P, (7) 
y(v) is in general a complex function of ». 
In the special case (5) that the dispersion law 


can be described in terms of one kind of dis 
persion oscillators only we have: 


(v9? — v? — 2ipy). (8) 





y)= 
vo) 4rne? 

Our problem is to find the field produced bya 
concentrated charge e moving with the constant 
velocity v. We take the path of the particle as 
x axis and the position occupied by the particle 
at t=0 as origin of the coordinates. 

If we know the field at =0 we can obtain the 
field at any time by translating it with the 









whe 


The 
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yniform velocity ». This enables us to eliminate the time from the Maxwell equations by using the 
relationship : 

8/dt = —vd/dx. (9) 

Since at =0 the charge is at the origin we have further p=e6(x)5(y)6(z) ; and the Maxwell equa- 
tions become 

div (E+4xP) = 41ei(x)5(y)5(z), (10) 

div H=0, (11) 

c rot E=vf’, (12) 

c(rot H).= —vE,’ —4rvP,' +4revi(x)5(y)6(z), (13) 

c(rot H),= —vE,’ —4mvP,’; c(rot H),= —vE,'—4n0P,, (14) 


where a dash means the derivative with respect to x. Since the field moves with the uniform velocity 
y we may develop the field vectors in Fourier components with respect to x instead of ¢t and interpret 
E, and P, in (7) as those components whose dependence on x is represented by the factor exp (ivx/v). 

The integration of the equations (7) (10) (11) (12) (13) (14) with the boundary condition that the 
fields must vanish at infinite distance can be performed as follows. From (7) and (10) we first calculate 


div P and div E as: 
@ » exp (ivx/v)dy 


2 
»; div E=—8(y)8(s) f (15) 
v —o 1+v7 





div P=——8(y)8(z) af ee 
2nv +7(v) 


we can then eliminate H from (13) and (14) in the usual way and eliminate also E with (7). Taking 
into account (15) we find an equation for each component of P. Developing these components in 
Fourier integrals with respect to x one easily finds the solutions in terms of the Bessel functions 


Ky and K, 


~t i (Gs=-=)* o(kb) exp (ivx/v)tvdy, 


~ Ant? 1+y7 





e f kK, (kb) 
Any i+y¥ 


Py= exp (ivx/v)dy, 


where P; is the component perpendicular to the x axis and 
yp? v? yp? 
k?=—( 1 -=) - . (17) 
v? c? c*y(v) 


The sign of k is determined so as to have its real part 20. From (16) and (7) we obtain the com- 
ponents of the electric field 


ee me nlite 
~f ‘- -) x (kb) exp (évx/0)ivd 


bad ia ykK,(kb) 


exp (ivx/v)dv. 


From these and (12) we finally obtain the magnetic field. This reduces to one component only, 
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perpendicular to the x,b-plane. Its magnitude is given by 


H=— kK,(kb) exp (ivx/v)dv. (19) 


TC 


The amount of energy lost by the particle per unit time at distances larger than 6 is given by the 
flux of the Poynting vector out of a cylinder of radius 5. Dividing this flux by v we obtain the corre. 
sponding loss of energy W, per unit path. This is 


c ch fr” 
wW,=— {Cen .do= ampen f HE,dx. (20) 
4rv o 2v —2 : 


We substitute in this expression (18) and (19) changing in the last the name of the integration 
variable to v’. W, is then expressed by a triple integral over x, v, v’. The integration over x gives a 
6-function. This fact enables us to perform in the usual way also the integral over v’. We find at last, 
taking into account k(—v)=k*(v) 


Mi: 
—f —_—~— ) ivk*K,(k*b)K o(kb)dv. (21) 
i+y 


One easily recognizes that the integrand takes complex conjugate values for the values » and ~, 
of the integration variable; we have therefore: 


_ 26% 
Rf —_— ~— )ivk*K,(k*b)Ko(kb)dv. (22) 
i+y c? 


where we have indicated the real part of a by Ra. 
In order to calculate this integral we specialize our assumptions as to the dielectric properties of 


the medium by using (8). We find 











8ne4 1—x?—2inx v? 
rf (-—— ~— ) ixdxk*bK (k*b)K o(kb), (23) 
—1) e—x?—2inx c? 
where 
4rne? 
e=1+ (24) 
mv? 
is the dielectric constant for low frequencies.? We have further 
a—x*—2inx 
n=p/vo; x=v/vo; k?=g*x*———_—_— (25) 
1—x?—2inx 
with 
4arne’ c?—v%e 
(5 —— 1) ; a= : (26) 
" ate —1) c?—y? 


The integral (23) can be calculated when b is very small. In this case we may use for the Bessel 
functions the following expressions 


1 
Ko(kb) =} log K,(k*d) er (27) 


3.17k?b? 
in which 3.17 =exp (2X Eulers constant). 


* It should be noticed that ¢ is equal to the dielectric constant for small frequencies only when the description of 


the dielectric properties with dispersion oscillators of one frequency only is a sufficiently good approximation. When 
is not the case e might differ considerably from the actual value of the dielectric constant. 





W, 


W, 









(19) 
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(23) becomes now : 





4ne* 1—x?—2inx v? 4(1 —x? —2inx) 
rf (—— —— }ixdx log —. 
" ~ale—t) —1) e—x?—2inx cc? 3.17g7b?x?(a — x? — 2inx) 


The integral can be reduced to the following integrals, that can easily be calculated by complex 

















integration. 
1ixdx T - 
rf ixdx =0; rf =—-;} rf ix log xdx=0; 
0 €«—x — x9 — Pee 2 0 
* ix log xdx cg r (e—n?)! 
Rf ——_—_—_——- = —- log e-—- artg : 
0 €—x?—2inx 4 2 (e—n?)! n 
0 for a>0; 
2 ixdx a—x*—2inx 
R i) log —=4 5 e-a mm (e—n*)'[(n?-a)!—9] 
9 €—x?—2inx 1 —x?—2inx —— log artg for a<0; 
2 €  (e—n?)! e—n?+n(n?—a)! 
a—x?—2inx (}$2r(1—a) for a>0; 
rf ixdx log ——————— =|; 
1—x*—2inx (}$nr(1—a) —}a[(n?—a)!—n }? for a<0. 


The integration path of these integrals is along the positive real axis. They can be calculated by 
deforming the integration path moving first from the origin in the positive imaginary direction to a 
very large distance from the origin and then coming back on the real axis along a quarter of a circle 
of very large radius with center in the origin and by taking proper account of the singularities. 
Notice further that only the real part of the above integrals is convergent. The divergence of the 
imaginary part has been introduced when we have used the approximate expressions (27) for the 
Bessel functions. This divergence is of course immaterial to us, since in our formulae only the real 
part of the integrals is used. 
We obtain now: 


2xne* mv? e—1 v? 2n (e—n?)! c 
W= {tog —~——~ -~+log —— —— -— — artg forv<—; (28) 
my? 3.17xne*b? e(1—v?/c*?) c? (e—n?)! 7 J 

















dane! mv? v? 1—v?/c? v%e—c2\ 3 2 
2S ar YS) | 


me ms* | 3.17ane*b? c? e—1 c?—y? 











2n (e—n*)! 
- artg c 
(e—7n?)! ve—c*\'>+ forv>—. (29) 
(+ ) a/e 
c—y? 


When the damping is negligible (lim »=0) the above formulae become: 











2rne* mv? e—1 v? c 
= | +log —————__-— forv<—; (30) 
mv? 3.17 ned? e(1—v?/c?) c? /e 
2rne* mv? 1—v?/c? c 
>= | og _ forv>—. (31) 
mv? 3.17mne*b? =e—1 € 
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These results should be compared with the corresponding energy loss calculated with the Usual 


theory by neglecting the polarization effects: 


2rne* 


my? e—1 v? 








W, (usual theory) = 
mv? | 


The comparison is shown in Fig. 1. The three 
curves represent the energy loss per unit path 
due to impacts at distances greater than 10-* cm, 
measured taking 27ne*/mv’ as unit, according to 
the ordinary formula (32) and according to the 
present theory with formulae (30) and (31) for 
standard air and for water. In both cases the 
difference from the ordinary result is very small 
at low energies. For high energies, instead, the 
loss calculated with the ordinary theory keeps 
increasing logarithmically with increasing energy, 
whereas the effect of the polarization produces a 
flattening out of the curves for air and water in 
such a way that W, remains finite even when 
the energy of the particle becomes infinite. 

It can easily be seen from (28) and (29) that 
the limiting value of W, for v=c is independent 
on both the binding frequency v» of the dispersion 
oscillators and the damping constant 7. It de- 





2ane'r 2 byorv/e 





sa mv? L v 


_ Annet 2bvov/ € 


mv? L v 





— 


For very small 6 these expressions go over into 
(30) and (31). It is interesting to note, however, 
that W, in this case does not vanish, as one might 
expect, for very large b. Indeed it follows from 
(34) and (35) that for b= @ it is: 


ro F(Z) 


for v<c/s/e; (36) 
_2anety 1—v?/c? “| 








a 
— 4-t ee 


for v>c/+/e. (37) 


W.. represents that part of the energy lost by 
the particle that is emitted in the form of 


+lo 
” 3.17xne*b? 


ary t (32) 


1—v*/c? ¢? 





Ot — 
pends only on the number 1 of electrons per 
unit volume, and is given by: 


2rne* mc? 


W,(e=c)= ] : 
' mc? ” 3.172ne?b? (33) 





This shows that the energy loss of very high 


energy particles due to various materials jp » 


layers of such thicknesses as to contain always 
the same number of electrons per cm’, is smaller 
for larger electronic densities m of the material 
(see on Fig. 1 the difference between air and 
water). 

When the damping 7 of the dispersion os¢il. 
lators is very small it is possible to calculate the 
integral (23) for arbitrary values of b by using 
the exact expressions for the Bessel functions 
instead of the approximate expressions (27), 
One finds: 





x. we) x,(-*) -* —~ 10g (:-5)] for v<c/Ve; (3) 


x") x (““)- es +1og—] forv>c/v/e. (35) 











radiation. Such an emission of radiation has 
actually been observed by Cerenkov,’ and can 
easily be seen to occur in those ranges of fre 
quency for which the phase velocity of light in 
the given medium is smaller than the velocity 
of the particle. Its theory has been developed by 
Frank and Tamm‘ with methods very similar to 
those used here and with similar results. It is 
noteworthy that the Cerenkov radiation, a 


. results from the preceding formulae, does not 


represent a loss of energy to be added to that 
calculated with the Bohr theory; but it forms 
instead part of the loss of the Bohr theory, asis 


* P. Cerenkov, Comptes rendus de !’Acad. Sci. U.RSS 


14, 101 (1937). 
‘Frank and Ig. Tamm, Comptes rendus de |’Acad. Si. 
U.R.S.S. 14, 109 (1937). 








how 
close 
the « 
Bloc 


to su 


differ 
the f 
resul 
repre 
thus 
than 





(32) 


iS per 


(33) 


’ high 


als in * 


Iways 
maller 
terial 
r and 


oscil- 
‘te the 


\Ctions 
- (27), 


; 4) 


(35) 





on has 
nd can 


ight in 
elocity 


nilar to 
3. Itis 
on, 3s 
yes not 
to that 
+ forms 
y, asis 
U.RSS. 


cad. Sci. 





IONIZATION LOSS OF ENERGY 491 














a. 
iS 
Ke 
420 IX 
iS 
AIR 
4/5 
410 
WATER 
45 
2 
a log E/Mc 
2 -+ Q | zs 4 S 


Fic. 1. Energy loss Fd unit path due to impacts at dis- 
tances greater than 10-* cm. The curves marked air and 
water are calculated according to the present theory with 
formulae (30) and (31). 


seen from the fact that (30) (31), which include 
the Cerenkov radiation, give the same result 
(32) as the Bohr theory in the limit of very 
low densities («= 1) when the polarization effects 
become negligible. 

We have considered so far only the phenomena 
occurring at distances greater than the inter- 
atomic distance, for which it is legitimate to 
apply the continuum electrodynamics. A de- 
scription of the effects of impacts at close dis- 
tances requires a quantum mechanical description 
of the impact process as well as of the field of 
the passing particle and of its change due to 
the polarization of the other atoms. If we assume, 
however, that the effect of the polarization on the 
close distance impacts is not large we may use 
the ordinary theory, as developed by Bethe and 
Bloch for the calculation of the energy loss due 
to such impacts. 

Under this assumption we may take the 
difference between the formulae (30) (31) of 
the present theory and formula (32) giving the 
result of the Bohr theory as the correction 
representing the polarization effects. We find 
thus that the energy loss per unit path is less 
than that given by the ordinary formulae by 





the following amount: 


2xne* 





- log € forv<c/+/e; (38) 
mv 








2rne e—1 1 —ev?/c? 
. log + | or v>c//e. (39) 


mv? 1—v?/c? «- 


The correction is negligible for low velocities; 
for very large energies instead it reduces the 
energy loss to less than 50 percent of the loss 
calculated with the ordinary theory. 

For very large energies we have from the 
ordinary theory the following energy loss: 


2rne* mc?*W 


og : 
mc? (1 —v?/c?)h? vo? 








(40) 


We obtain thus from (39) the following formula 
valid asymptotically for very large energies: 





ane rmcWw * 
l | (41) 


og =} 
mc? L ne*h? 


We note that this asymptotic formula does 
not contain the binding frequency of the elec- 
trons but only their number per unit volume. 


APPLICATIONS 


Only a very small polarization effect should be 
expected according to the present theory in the 
stopping power of different materials for a-par- 
ticles, protons or deuterons having energies up 
to the order of magnitude of some Mev. In all 
these cases the velocity is rather small com- 
pared with c, so that we must use (38). This 
formula gives an entirely negligible correction in 
the case of air, since in this case «€ is very close to 
unity. Corrections of the order of several percent 
might be expected in the case of the stopping 
power in solid or liquids. It is doubtful whether 
such differences are large enough to be ob- 
servable. Moreover, when the velocity of the 
particle is small, as in the present case, the 
ionization produced by the particle does not 
reach far enough from the trajectory as to make 
the description of the field in terms of continuum 
electrodynamics a good approximation. 

Greater effects are to be expected in the case 
of §-particles and especially for particles of 
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several millions of ev. The correction for air is 
again negligible but an appreciable correction is 
found for condensed substances especially for 
high energy §-particles. The energy loss per cm 
of water calculated with the usual theories for 
B-particles of 10°, 107, 10® ev is, respectively, 
1.93, 2.15, 2.72 Mev. The correction (38) (39) re- 
duces these losses to 1.83, 1.75, 1.94 Mev if we 
take «= 1.7; since, however, the effective « may be 
as low as 1.1, the corrected energy losses may 
be 1.92, 1.91, 2.09 Mev. In spite of the fact 
that the differences are in some cases rather 
large, it is very difficult to compare these re- 
sults with the available expermental material. 
Indeed the data for relatively low energies are 
largely affected by the scattering ;> while those for 
large energies are perturbed by the radiation 
losses of energy. 

The results for mesotrons are represented in 
Fig. 2. The diagrams have been calculated for a 
rest energy of the mesotron of 80 Mev. The 
energy of the mesotron is plotted in a logarithmic 
scale on the abscissae; and the energy loss in 
units 2rne*/mv? is plotted on the ordinates for 
standard air, water and lead. The curves A are 
calculated with Bloch’s formula; the curves B 
are corrected for the polarization effects accord- 
ing to the present theory. It should be noticed 
that the incomplete knowledge of the dispersion 
law makes the shape of the curves B in the 
neighborhood of the point at which they begin 
to deviate appreciably from the corresponding 
curves A rather uncertain. For somewhat greater 
energies instead the curves B become practically 
independent of the dispersion law, being given 
by (41). 

According to (41) the loss of energy in a layer 
containing N electrons per cm? depends on the 
electronic density m in the layer. For two layers 
having the same N and different electronic 
densities m, and m, the difference in energy 
loss is: 

2rNe* me 


W, = W,=——- log —_, (42) 
mc* ny 


the energy loss being smaller for the substance of 
greater density. (42) is valid only for rather 


5M. M. Slawsky and H. R. Crane, Phys. Rev. 56, 1203 
(1939), 
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Fic. 2. Energy loss in units of 2xne*/mv* for mesotrons 
of various energies in air, water, and lead. Curves A are 
calculated with Bloch’s formula and curves B are 
for the polarization effects according to the present theory, 


large energies of the mesotron; for smaller 
energies the difference is considerably less, ag 
can be seen on the curves of Fig. 2, and it depends 
on the difference in atomic number between the 
different substances and not so much on the 
differences in density. 

A difference in the absorption of mesotrons by 
air and by condensed substances in the sense that 
condensed substances have a smaller mags 
absorption than air has been reported by 
several experimenters.® This difference is usually 
considered as evidence for a spontaneous decay 
of the mesotron. As the difference (42) is ig 
the same sense as the experimentally observed 
differences, it is interesting to compare them 
quantitatively. Indeed if it were possible t 
prove that (42) accounts for all the difference 
observed experimentally, this would eliminate 
the strongest argument in favor of the decay d 
the mesotron. 

The experiments on the difference in absorp 
tion have been performed using different tec 
niques. In one type of experiment, as e.g. that 
of Ehmert,’ the absorption in thicknesses of at 
greater than the atmosphere is measured by 
inclining the counters by an angle @ with respet 
to the vertical, so that the thickness actually 
traversed by the rays is by a factor 1/cost 
greater than for the rays coming in a vertied 


* For a critical discussion of the literature on this subj 
see: B. Rossi, Rev. Mod. Phys. 11, 296 (1939). 
7A. Ehmert, Zeits. f. Physik 106, 751 (1937). 


eas = Go ws Ce 


Me 
The 
the 
mes 


rati 
trib 
num 
W i 
the 1 
lent 

and 

The 
theo: 
the « 
theor 
expla 
of it. 
to th 
this | 








ible to 
ference 
minate 
ecay df 


absorp 
it tech. 


s of ar 
red by 


direction. The absorption curve in air can be 
thus observed for thicknesses of air up to many 
atmospheres. This absorption curve is compared 
with that obtained with the counters under 
water or under condensed materials. Experi- 
ments of this kind show that under large and 
equivalent thicknesses of air and of condensed 
materials the intensity of the mesotron com- 
ponent of the cosmic radiation is different. 
The intensity under condensed absorbers is 
about twice as large as under air. 

In order to estimate what part of this differ- 
ence can be accounted for by the present theory 
we take as average density of air along the 
path of the mesotron 1/e of the density at sea 
level, namely 0.00045, corresponding to an elec- 
tronic density mair= 1.3610. As a_ typical 
condensed substance we take water, for which 
the electronic density is "water = 3.35 X10"*. Ac- 
cording to (42) this corresponds to a difference 
of 0.60 Mev in the energy loss in one g/cm? of 
air and in a thickness of water containing the 
same number of electrons. For mesotrons of 10* 
Mev the energy loss is about 2.8 Mev Xcm?/g. 
The loss in the equivalent amount of water is 
then only 2.2. The energies required for a 
mesotron to traverse a thick layer of air or an 
equivalent layer of water are therefore in the 
ratio 2.8/2.2=1.27. Assuming the energy dis- 
tribution of the mesotrons to be such that the 
number of mesotrons with energy greater than 
W is proportional to W-'* we conclude that 
the number of mesotrons observed under equiva- 
lent and very thick layers of condensed matter 
and of air should be in the ratio 1.27'*=1.58. 
The effect to be expected according to the present 
theory is therefore of the order of magnitude of 
the effect observed experimentally. The present 
theory, however, does not appear sufficient to 
explain all the effect but only about one-half 
of it. If we interpret the residual effect as due 
to the decay of the mesotron the lifetime of 
this particle ought to be taken about twice as 
large as according to the usual estimates. 
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In a second type of experiment, like the one 
recently described by Rossi, Hilberry and Hoag,* 
the vertical intensity of the mesotronic com- 
ponent of the cosmic radiation is measured at 
different heights with and without a graphite 
absorber ; the absorptions in air and in graphite 
are thus directly compared. Graphite is used in 
order to eliminate as much as possible the 
effects due to the differences in atomic number. 
This arrangement has the advantage of being 
adependent of the assumption that the primary 
radiation entering the atmosphere is isotropic. 
Furthermore the absorbers used are relatively 
thin (82 g/cm? graphite and 12.7 cm lead) and 
consequently the effect of a possible decay of 
the mesotron is measured for mesotrons of a 
relatively low energy, so that the apparent 
lengthening of the lifetime due to relativity 
effects is not very large. On the other hand, the 
observed absorptions are rather small (10 to 20 
percent) and are therefore more sensitive to 
perturbations due to possible geometrical transi- 
tion effects when the graphite is placed above 
the counters. Professor Rossi, however, informs 
me that he has very carefully excluded that his 
results might be considerably affected by such 
effects. Since this experiment involves mesotrons 
having energies of only a few hundreds of Mev 
the polarization effects discussed in this paper 
should affect its results only very little (see 
Fig. 2). The effect observed in this experiment 
has therefore apparently to be attributed to a 
decay of the mesotron. 

We notice finally that the estimates of the 
energy of the mesotrons penetrating to very 
great depths should be somewhat changed in 
order to take into account the polarization 
effects. For example the energy of mesotrons 
capable of traversing 1.5X10° g/cm? of matter 
should be reduced from 5.6X10* Mev to about 
3.9K 10* Mev. 


* B. Rossi, H. V. N. Hilberry and J. B. Hoag, Phys. Rev. 
$6, 837 (1939). 
























































MARCH 15, 1940 


PHYSICAL REVIEW 








° On the Quantization of Mass 
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The Dirac equation may be written so as to give an 
eigenvalue problem whose eigenvalues would be values of 
the electron mass. The equation is solved in several cos- 
mological spaces, none requiring any quantization of m. 
A space-time suggested by Eddington leads to wave equa- 
tions that have solutions with quantized m, m depending 
upon the radius of the universe, constants c and h, and a 
quantum number. If the radius of the universe is taken as 
108 cm, the lowest mass state in this group of solutions is 
of the order of 10-* g. Conversely if the usual electron mass 


is considered as the lowest state, the radius of the UNiverse 
is of the order of 10! cm. Since the only constants ogcyp. 
ring in the theory are h, m, and c, one would expect that 
the radius of the universe would come out in terms of 
h/mc. Only an occurrence, as the result of quantization, of 
a large dimensionless number could lead to a reasonable 
result; but Dirac’s equation evidently does not Provide 
such a number, and is therefore unsuited to account for 
the electron mass in terms of the radius of the universe, 





1. INTRODUCTION 


HE underlying idea of this investigation is 
the following: If the Dirac equation is 
solved for the term involving the mass of the 
electron, then it is seen that the operator 
th{a dy ) 7) 7) 
- “= —(6_+0.—+6--)], (1.1) 
cle dt Ox oy dz 
where a and the #’s are matrices of the Dirac 
type, can be regarded as representing the electron 
mass m. We are then justified in looking for 
eigenvalues of this operator, which would be the 
possible values of the electron mass. However 
the fact that the Dirac equation for a free elec- 
tron has solutions for an arbitrary value of m 
shows that in ordinary flat space-time of the 
special relativity theory all values of m are 
possible. This is analogous to the fact that in an 
infinite space a free particle can have arbitrary 
energy. 

In a box of finite dimensions, as is well known, 
the energy is quantized. This occurs as the result 
of the boundary conditions that have to be 
imposed on y at the boundaries of x, y, and z. 
Accordingly if one could impose boundary con- 
ditions at the boundaries of time, ¢, one would 
expect the existence of a discrete spectrum for m. 
A somewhat similar situation occurs if a curved 
space-time is finite (re-entrant) although not 
bounded. The boundary conditions are then 
replaced by the periodicity conditions. The 


* Now at Dillard University, New Orleans, Louisiana. 
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possible values of m would then depend upon the 
radius of the universe, constants ¢ and h, and 
a quantum number. The idea, that the mass of 
the electron depends upon the kind of universe 
it is in, is attractive, as well as the corollary that 
the electrons of various rest masses may be 
different states of essentially the same particle! 
It seemed therefore worth while to try to solve 
the Dirac equation in various cosmological 
spaces. 
A start in this direction was made by Taub' 
who has made the calculations for a number of 
cosmological spaces. Although Taub, apparently, 
was not interested in the eigenvalues of m, he 
finds that for the spaces considered by him there 
is no reason to assign any particular value to this 
number, except possibly when field is present! 


2. REGULAR COSMOLOGICAL SPACES 


Robertson‘ showed that a large number of 
cosmological spaces admits a metric 


ds? = c*dt? — R*(t)du’, (2.1) 


where du? is the three-dimensional space metric. 
We shall call spaces defined by a metric of this 
type regular. Three cases are to be distinguished, 
corresponding, respectively, to the three-dimen- 
sional space having positive, zero, or negative 
curvature. The metric du? for these three cases 


1S. H. Neddermeyer, Phys. Rev. 53, 102 (1938). 


2A. H. Taub, Phys. Rev. 51, 512 (1937); hereinafter 
referred to as Taub. 

3 Reference 2, p. 514. 

4H. P. Robertson, Rev. Mod. Phys. 5, 62 (1933). 
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* Reference 2, p. 517. 
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can be written in the forms the metric 
3 oe 2 m2 2 
du?=da?+sin? a(d6*+sin? 0d¢*), (2.2) a eee ee 
Throughout this work we shall treat the cases 
du? = do? +a?(dé*+sin* 6d¢?’), (2.3) where there are no fields and the potentials are 
put equal to zero. We use Taub’s Eq. (3.1) as 
du?=de?+sinh? a(dé?+sin? 6d¢?), (2.4) our generalized Dirac equation in the absence of 
an external electromagnetic field; and carrying 
respectively. These three are particular cases of through the reduction as Taub does, we have 


and 





Ri) ~~ me) ule, Dm a 
da a 
(2.6) 
R(t) — +m) A 3(a, D= ——— }A,(a,t). 
da f(a) 
We eliminate A; and A; from this system of equations, obtaining the equation satisfied by each A, 
namely : 
ha ha k 
R(t) —— sme )R( ——Fme) A -(- -) (= + —\(* —)a, (2.7) 
ic Ot ic Ot da ~ Fa) da Fa) 


where the upper sign goes with A, and the lower with A;. Making the assumption that A,(a,) 
=A,(a)T;(t) (t<=1 or 3) and separating variables we have the ‘time equations” 


a’?T d log R dT | W? mc? i/nd log *] 
— C F-- 
h?R fh? h dt 











T=0 (2.8) 





dt® dt dt 

with Wi;= W, for 7,:; Ws for T3; and the general “radial equations” 
d*A 2@-F W? 

da?® f(a) h? 











(2.9) 


in which the upper sign goes with subscript 1 and the lower with subscript 3. 





which can be transformed into the usual Bessel 
equations; the solutions leave W arbitrary but 


3. THE RADIAL EQUATION 


The solutions of the radial equation for space 








curvature equal to 1 are given by Taub® and real. 
require that Space Curvature = —1: 
(W/h)? = {n+}(2k+1)}?*. (3.1) This specification includes the Milne universe 
This leads to a quantization of energy, as Taub treated by Taub. The radial equation in this 
shows in the special cases considered by him. — 
Space Curvature 0: = 2s =|4 =WA. (3.3) 
The differential equation in this case is aad aah" 
dA (W/h)*a*tk—k? This equation may be obtained from the equation 
—_o A=0, (3.2) with the solutions Eq. (3.1) by replacing h by 
da? a? ih and a by ia. Taub states then “. . . the 


solutions of the Dirac equation for the case of 
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3 space of negative curvature can be obtained 
from that of positive curvature by replacing p 
by tp (in our case h by ih) and a by ia in the 
solutions we have obtained.” * But this does not 
seem to be correct, for in Eq. (2.2) ~rSa=r 
or OSa=2r while in Eq. (2.4) 0X=a=. With 
the present range for a there are no well-behaved 
solutions A; and Az; simultaneously satisfying 
Eq. (3.3), unless the eigenvalue of the angular 
momentum be equal to zero, which is dis- 
allowed. 


4. TIME CURVATURE 


Thus we have a quantization of W only in a 
universe of positive space curvature. Referring 
to Eq. (4.6) of Taub we see that a quantization 
of m is most likely to result when there is a 
quantization of W.-Hence the most promising 
cases to be investigated are those with positive 
space curvature. We shall learn, however, that 
even in these most favorable cases there is no 
quantization of m. 

The formula for the Reimannian curvature of 
a space is’ 


Rapysdi*APdi72® 
(Zar8ps — gather) dr7AP7A?> 





(4.1) 


K 


The g’s are taken from our fundamental metric, 
Eq. (2.5). The unit vectors \,’ and 2’ determine 
the orientation in this space. For our 4 space 
we select 


Ai" = 5003; Ao’? = 51>. (4.2) 


Eq. (4.1) then gives 


c= —R"/CR, (4.3) 


Had we selected either \2’=52, or A2’=53, 
instead of \2*=4,, we would arrive at the same 
equation, Eq. (4.3). Thus the orientations deter- 
mined by selecting any of the unit space vectors 
with the unit vector in the time direction are 
equivalent. This indifference to the spatial direc- 
tions permits the designation ‘“‘time curvature” 
for the quantity thus obtained. The simplest 
cases are those with constant x. Here we may 
distinguish three cases: 


* Reference 2, p. 521. 
7 Reference 4, p. 84. 
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xk>0O: R=AcosrXt or BsinN, (4.4) 


k=0: R=at+), (4.5) 
«<0: R=bcosh (ct/b) or 6b sinh (ct/d), (4.6) 


Each of these R(#) determines a specific 

of universe. If we accept as physically plausible 
that the universe did not come into existence at 
the time, ¢=0, then the universes given by 
R=b sinh (ct/b) and R=B sin M are not allowed. 
However the equations with these functions haye 
practically the same solutions as the correspond. 
ing cosh and cos equations with identicaj 
requirements on m. 


5. THE TIME EQUATION 


Time Curvature <0: 


Negative time curvature occurs for example, jp 
considering a generalized DeSitter’s space-time! 
which can be regarded as a hyperboloid 


xe+xe+x3+x7—xi?=0? (5.1) 


embedded in a 5-dimensional Euclidean space, 
with Cartesian coordinates (xo, x1, X2, Xs, x4). 

A convenient coordinate system, suitable over 
the entire hyperboloid, is given by 


xo=b sinh (ct/b), 

x4=b cosh (ct/b) cos (r/b), 

x1=b cosh (ct/b) sin (r/b) sin @ cos ¢, (5.2) 
x2=b cosh (ct/b) sin (r/b) sin @ sin ¢, 
x3=b cosh (ct/b) sin (r/b) cos ¢. 


The metric becomes then 


—ds? = —c*dt*?+cosh? (ct/b) 
X {dr?+0B? sin? (r/b)(d6?+sin? 0d¢?)}. (5.3) 


In this coordinate system there is no “horizon.” 
The metric is easily reduced to form (2.1) if 
we put r/b=a. In this case 


R(t) =b cosh (ct/b). (5.4) 


The range of the variables required to compris 
the entire hyperboloid are: 


0=¢=2r, 


O0Sa=r, 
0=0=r, (5) 


—-oStS=a, 


§ Reference 4, p. 70. 
* Reference 4, p. 71. 
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Eq. (2.12) becomes on substituting from Eq. (5.4) 


@T « dT 


2(1—u?)+y?Fi 
B7(1—u*) +7 nw... 


(5.6) 





du® 1—u? du 


(1—u*)? 


where B=W/h, y=mcb/h and u=tanh (ct/b). Well-behaved solutions of this equation are 


for W<0: 


T= (1-+-u) +*/2+8(1 —u)¥ i127 F(— 8, 3 —BFiy, 1— 28; 2/(1+1)) 


for W>0: 


T= (1-+u)**!?-6(1 —u) FFB, $+ BF iy, 1428; 2/(1+n)). 


Both require only that m be real. 
Time Curvature =0: 


Two examples of this curvature are found in the work of Taub. The first, R(#) =a, is his Einstein’s 
universe ; the second, R(t) =ct, which is equivalent to Eq. (4.5), leads to the Milne universe. Neither 


of these requires any limitation on m. 


Time Curvature >0: 


For positive time curvature, R(t) =cos (ct/b), we have 


aT u dT 


B°(1-+-u*) +7? biyu 





du? 1+n* de 


(1-+12)? 


u=tan (ct/b). 


There are no satisfactory solutions of this equation for real W. 


6. A NONREGULAR UNIVERSE 


A nonregular universe can be defined as one 
whose metric is not of the form Eq. (2.5). We 
consider one such universe—one arising from 
Eddington’s suggestion for a suitable surface 
representing the universe with only a single 
charged particle present.’ This is a 4-dimensional 
space embedded in a 5-dimensional Euclidean 
space and given by 


tY+te+ig+ig+i’=a* 


with ¢), ta, ts, real and ¢4, ¢; imaginary. By placing 
=x, ts=y, ts=2, t= and t;=tu we have 


e+ +2 =a? +d? +p, 


which shows that a? must be negative, since 
we may have x=y=z=0. The metric is 


ds* = — (dt;?+-dt.?+dt3?+dt2+dt;?) 
= (dd? + dy?) — (dx*+dy*+dz"). (6.3) 


PA. S. Eddington, Relativity Theory of Protons and 
—_ (Cambridge University Press, 1936), Chapter 6, 
p. 75. 


(6.1) 


(6.2) 





If we let 
= —a?, 
x=b sinh a sin 6 cos ¢, 
y=6 sinh a@ sin @ sin ¢, 
z=b sinh a cos 8, 
u=b cosh a sin (ct/d), 
=) cosh a cos (ct/b), 


we obtain for the metric 


ds*=¢* cosh? adé* 
— b*[do?+sinh? a(dé@*+sin? 6d¢*)], (6.5) 
where ¢ is the time and 


0=at~a, 


0=t=2rb/c, 


0=6=r, 
0=¢=2r. 


A test particle in the universe determined by 
this metric, which is not initially at the origin, 
will oscillate through the origin. After a time 
2xb/c the universe returns to its original state 
and the particle is at its initial position ready to 
proceed again through its history. 

For the wave equation of a particle in this 
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universe we found it more convenient to use the the Eisenhart e’s introduced for convenience of 
relativistic form of Dirac’s equation proposed dealing with an indefinite metric. 
by Fock :™ We make the correspondence 


oy’ } =f, =a, = =z 
1 (—-1v’) mca’ =0 (6.6) <5 that ™ i=, X2=0, x3=@ (6.10) 


gZoo=c? cosh? a, ge2= —b* sinh? a, 
gu=—6’*, &33= —* sinh? a sin? 8, (6.11) 
y= Derauhn’ (—g)!=cb* sinh? a cosh a sin 8. 


with the definitions 


Te=DLewhiece; c= 1 Lamartrrmn tir (6.7) From the possibilities for the h’s satisfying Eq. 
k (6.8) we select 


Vint= (Voh#)hghi’. 











sin 0 cos @ »__ 008 6 cos @ 
The V, means the covariant derivative with “! ~ ’ fo, 
* ; b b sinh a 
respect to x,. The %; is a constant times the 
vector potential. Since we are treating the case ‘ sin @ sin ¢ »__ cos 6 sin ¢ 
of no field we may set it equal to zero. The a’s 1“? ~ ’ 'f=———_——, 
‘ > , : b b sinh a 
are Dirac matrices. The h’s are n beins or orthog- (6.12) 
onal ennuples introduced at each point of space 098 6 ’ sin 6 
for convenience. The h’s are related to the g’s by hs'= ’ ‘fa —— ’ 
2 b b sinh a 
the equations 
sin @ cos 
ge = >ehyth,, (6.8) hzg=— hs ee... ae 
k b sinh @ sin 6 b sinh asin 6 


Nika = Zaphy? : (6.9) ‘ 
All others are zero. The /,. are obtained from 
Here the x beins are designated with Latin and __ these by the use of Eq. (6.9). Eq. (6.6) becomes 
the coordinates with Greek indices. The e’s are in this case 











b\da sinha 





—_———_ = 


1 OW’ [Ba te] Bs @ 
=(- — (B= —— + mead, (6.13) 


+coth «) + 
06 sin 00¢ 


ccosh a dt b sinh a 


where the §’s are defined as in Taub’s paper. We eliminate the coth term by the substitution 
y=sinh ay’. The resulting equation may be simplified by eliminating the angular momentum as 
did Taub. The solutions of the final equation correspond to Taub’s Eq. (4.6) where the A’s are 
functions of a and ¢ to be determined from the system of time-radial equations 











ha hcosha/ 0 k 
——-—mce cosh «)A 1(a,t) = —+ )a 3(a,t), 
ic dt 1b da sinha 
: (6.14) 
hoa h cosh a k 
——-+mce cosh «)A 3(a,t) “(= - )a i(a,t). 
ic ot 1b da sinha 


We assume as before that A i(a,t) =A;(a)T;(t). Eliminating A;(a) after this substitution, we have 
for the time equations 


T,"/TM= T;3;"/T3= = W?/h?. (6.15) 
This gives 7;=73=e-*/*, Since the universe is periodic it is necessary that 
Wh/ic=N, (6.16) 


where NV is an integer. 
1 V. Fock, Zeits. f. Physik 57, 270 (1929). 








on =a & 


ct 
) may 


W 


Th 


wh 


The 


fun 


in v 
inte; 


Thu: 
in th 





Green 
M4 K 





of 


0) 


12) 


om 
nes 


13) 


‘ion 
1 as 


lave 


.15) 


).16) 








QUANTIZATION OF MASS 


The radial equations then become 


d’?A 1 x?—1\dA ;N* WN? k k*xk 
(x? —1)——+ x=) — Ht ———— }A=0 (6.17) 
dx? x xFy/ dx x? oy?) xy x(x?—1) 





with the substitution x=cosh a, where the upper sign goes with A, and the lower with As, and 
y= Nh/mceb. —— - 
This is a Riemann P equation with five singularities. Since the singularities are not elementary in 
the sense of Ince,” the equation is not easily solvable. Our chief interest is in ascertaining 
whether this equation, even in a special case, has solutions, so long as that special case does 
not embody extreme assumptions. Hence we try to obtain a solution by bringing about such a 
confluence of singularities that the resulting equation may be handled and, further, we attempt 
this with k=1. The most obvious specialization is the confluence of singularities at *1 by putting 


y=1. (6.18) 


The differential equation we seek to solve is then 


(x?—1)——+ —-+ A=0. (6.19) 
dx? dx x?(x?—1) 





d*A 1 dA +x(x?+1)—N*(x?—1)? 
(«--+ 1) 
x 


We introduce a function F by the substitution 


x (x—1) 
A =——_—__—F. (6.20) 
(x+1) 
The equation satisfied by F is 
d*F dF N(4¥1) 
wu Dut 1) + LAF Hat —4Nu— 24) }—+ 2 1)| w-——— | P=, (6.21) 
du* du (21) 


where u=(1—x)/(1+<x). This is Heun’s canonical form :* 


d*F 


dF 
x(x— De~e—* {(a+8+1)x?—[La+p+ay+(a—- De-+1 ptey}-—+ehle—OF=0. (6.22) 
x? x 


The characteristics of such functions are discussed by Heun.“ A value of F giving well-behaved 
functions is 


N(4¥1) 
F(-1, 2, 1+}, 1-2; ), (6.23) 
2¥1 


a 





in which ranges between 0 and —1 and the quantization of mass.'* Looking at Eq. (6.24) 


integer NV >0. alternatively as giving the radius of the universe 
Eq. (6.18) may also be written in terms of m,c,h and the quantum number N, 
rin = Nh/be. (6.24) where m is taken as the rest mass of the electron, 


. we have for the lowest state, N=1, b~10-° cm 
Thus we have shown that the Dirac equation a value which is much too small to be interpreted 
in this universe possesses solutions admitting a as the radius of the macroscopic universe. If we 
"BE. L. Ince, Ordinary Differential Equations (Longmans, Were to try to make the result consistent with an 


Green and Company, 1927), p, 495. 


* Karl Heun, Math. Ann. 33, 165 (1889). * Of course, had the assumption Eq. (6.18) not been 
“ Karl Heun, Math. Ann. 33, 181 (1889). made, this quantization may not have been required. 
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acceptable value of 5, for one of the suggested 
closed universes, it would be necessary to look 
upon the electron as being usually in a very high 
state, V~10*’, of the elementary particle, whose 
lowest mass state would be m~10-® g. 

We must keep in mind, however, that these 
interpretations are based upon the tacit assump- 
tion that Dirac’s equation is correct for all 
distances. It is one of those cases in which success 
would be very gratifying, but the failure is not 


ROBERT S. 


MULLIKEN 


surprising. Of course, since the only dimensional 
constants occurring in the equations are h, m 
and c, the mass of the electron and the radius of 
the universe 6 can be connected only by a relation 
such as Eq. (6.24) with NW a large dimensionless 
number. The fact that the theory fails to supply 
any such number shows that Dirac’s equation 
does not provide a model capable of explaining 
the mass of the electron in terms of the radius of 
the universe, which is perhaps not surprising, 


* 
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Quantum-theoretical expressions are obtained in Section 
II for energy-intervals among the levels belonging to 
related *II and ‘II states of any diatomic molecule, for 
partial Q,w (J,j-like) coupling. A theoretical expression is 
also obtained for the relative intensities of spectroscopic 
transitions from a 'Z to the II; and ‘II states. The effect of 
partial case ¢ coupling (persistence of separate-atom J 
quantization) on the foregoing relations is studied in 
Section III. Equations are obtained which (together with 
equations of Van Vleck) permit computation of case c 
displacements of certain energy levels of the halogen 
molecules. The foregoing relations are applied in Sections 
IV and V to a refinement of the existing interpretations of 
the long wave-length absorption spectra of the diatomic 
halogen molecules (cf. Tables II, III). In the case of bro- 
mine, it is found impossible to decide between two alterna- 
tive interpretations; suggestions are made for further work 


I. INTRODUCTION 


HE present paper and one appearing simul- 
taneously! have to do with intensity rela- 

tions in the absorption spectra of the halogen 
molecules. In the present paper, which represents 
a continuation of previous studies,” * we shall be 


1R.S. Mulliken, J. Chem. Phys. 8, 234 (1940). 

* The paper by R. S. Mulliken, Phys. Rev. 46, 549 (1934) 
may be ed as I. Earlier aang on the same subject 
are referred to there. See Phys. Rev. 51, 311 (1936) footnote 
4, also p. 314 for a correction. The quantity G’ D of 
reference 8 and the present paper is identical with the 
square of the quantity P/e of the 1934 paper. 

2R.S. Mulliken, J. Chem. Phys. 4, 620 (1936). 


that could lead to a decision. Information is obtained 
bearing on the strength of the dissociation continyym 
overlying the bands in Cle, Br2, and Iz, on the positions of 
the Il and *IIo-, potential energy curves in I; and on the 
cause of magnetic predissociation in I. The desirability of « 
quantitative measurement of the infra-red continuum of 
iodine and careful remeasurement of the visible continuum 
of iodine chloride are mentioned. Two mechanisms (pro- 
posed by Van Vleck and the writer) for explaining the 
remarkably high intensity of the '2—>*IIg+ component in 
the halogen spectra are examined in Section VI. Both give 
calculated intensities approaching the observed in order 
of magnitude. The weak 2250 bromine continuum is dis- 
cussed in Section VIII; its occurrence and intensity seem 
to be explainable by a case-c-allowed intersystem com- 
bination. 


mainly concerned with the longest wave-length 
regions of the absorption spectra of F2, Cle, Brs, 
and I. These occupy the near infra-red and the 
visible, or extend into the ultraviolet for the 
lighter molecules. The spectra consist partly of 
discrete bands, partly of continuous absorption, 
but the ensemble in each case belongs’ toa 
single group of electronic transitions. These all 
arise from the normal state of the molecule (¥) 


4 Bromine: N. S. Bayliss et al. J. Chem. Phys. 7, 84 
(1939), and references given there. Chlorine: R. G. Aickin 
and N. S. Bayliss, Trans. Faraday Soc. 33, 1333 (1937). 
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HALOGEN MOLECULE SPECTRA 


and go to certain excited electronic states which 
may for simplicity be called the Q states.§ For 
brevity, we may in the following speak of this 
group of states as the “Q complex,” and of the 
group of N-(0 transitions as the ‘‘N—Q complex. 

N is a !3+, state, and the Q complex consists 
of the multiplet components of a ‘II, state 
(“40”), together with the corresponding ‘II, 
state (“40”). The Q states belong to an electron 
configuration - - -,?7,‘,*o,, in terms of molecular 
orbitals; or ox*-o*x* in terms of atomic orbitals. 
In either case, it is the interaction between a o 
electron and a x* group which is responsible for 
the occurrence of a triplet and a singlet II state. 

Of the components *II2, *II;, and *IIo (itself 
divided into *IIo+ and *IIo-) of the *Q state, only 
371, and *IIp (‘*Q,"’ and “‘Qo”’) receive transitions 
from state NV. This is because of the selection 
rule AQ=0, +1, which is applicable in inter- 
system transitions when the spin coupling is 
tight.2 Hence the N—-Q complex should consist 
of the three transitions N-*Q,, N--Q>) and 
N-'0. 

The relative intensities and other character- 
istics of these vary in an interesting way from 
F; to Iz. Hitherto, only qualitative theoretical 
considerations have been used*~™ in apportioning 
the observed spectra to the three transitions. 
In Sections II and III of the present~ paper, 
theoretical expressions for the ratio of the 
intensity of N—*Q; to that of N—'Q, and for 
the energy intervals among the several Q levels, 
are developed. In the subsequent sections they 
are applied. This makes possible a more definite 
and reliable interpretation of the observed 
spectra. In a separate paper,’ quantum-mechani- 
cal calculations are made for the sum of the 
absolute intensities of N—*Q, and N-—'0, and 
compared with the results of the present analysis. 


II. THEORY NEGLECTING PERSISTENCE OF 
Atomic J QUANTIZATION 


In the halogen molecule electronic levels, the 
coupling is for the most part intermediate 
between the A,S and Q,w types, but has strong 
tendencies (especially in the heavier halogens) 
toward separate-atom case c coupling, i.e., per- 
sistence of atomic J quantization.? A,S and Q,w 


*Cf. R. S. Mulliken, Phys. Rev. 50, 1017 (1936). 
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coupling in diatomic molecules are the analogs 
of L,S and J,j coupling in atoms.* In the present 
section theoretical formulas are first obtained for 
the relative energies of the members of the Q 
complex of energy levels for the general inter- 
mediate case between A,S and Q, coupling, 
neglecting case c tendencies and other secondary 
effects. The theoretical relative intensities of the 
members of the N-+Q complex of transitions are 
then determined. Modifications of the theory to 
allow for case c influences are developed in 
Section ITI. 

In A,S coupling (multiplet width small com- 
pared with the singlet-triplet separation X), the 
energies of the *II and ‘II states of an electron 
configuration oz or x*o are well known to be 


1: BE=Eo+X/2, 

3ITo: E=E,—X/2+a/2, (1) 
1,:; E=E,—X/2, 

3ITo: E=E,—X/2¥a/2. 


The upper sign in + or + refers to r*¢, the 
lower to mo. We are interested here in r*o +40 
states, but the very similar case zo is also con- 
sidered for the sake of generality. The symbols 
« and o may be understood to refer either to 
AO’s (atomic orbitals) or to MO’s (molecular 
orbitals). The quantity @ is the spin-orbit 
coupling coefficient for a single x electron, in 
the expression 


E,spin-ordit = La lj-S;+---. (2) 


In ideal 2, coupling* we have a core (x* or 7) 
within which there is tight spin-orbit coupling, 
plus an outer (here c) electron. Ideal Q,w 
coupling would exist if a>X. In this ideal case, 
neglecting X, we have for z*c, 


TT? 19: E=E,+a/2, 577 ,,°TT2: E=E,—a/2, (3) 
and for zo, 
TT,*II2: E=E,+<a/2, 377,,°To: E=E,—a/2. (4) 


* In reference 1, the name “Q,s coupling” was introduced 
for a case in which the spin of a single outer o electron is 
coupled to the © of a x* molecule-core. This case is similar 
to that of a rare gas atom with configuration np*(n+1)s, 
where the spin of the excited electron is coupled to the J 
of the atom-core. This atomic case might reasonably be 
referred to as “‘J,S coupling” (S for spin). Ordinarily, how- 
ever, one speaks of j,j or J,j or J,J coupling. Similarly in 
the diatomic case, we may well in general speak of w,w 
or 2,w, or 2,2 coupling. 
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(In ideal or approximate 2, coupling, the 
singlet and triplet notation is of course no 
longer appropriate, but may be retained for 
convenience. ) 

The behavior of the several II levels of the 
configuration z*¢ as we go over from A,S to 
Q,w coupling is similar to that of the P levels 
of an atom of configuration p's as we go from 
L,S to J,j coupling. In first approximation, the 
wave functions and the energy for *IIp and *II2 
of the molecule remain invariant throughout the 
whole range of changing coupling, just as do 
those of *P: of the atom. Hence Eqs. (1) for 
*JIy and *IIz are valid independently of the 
coupling, provided we neglect case c and other 
secondary perturbing effects (of Section III). 
For *II, and ‘II, however, just as for *P; and 'P 
of, the atom, increase in the ratio a/X brings 
about a gradual mixing of the singlet and triplet 
wave functions, with corresponding changes in 
the energy expressions, and in the relative 
strength of intersystem transitions. 

The theoretical treatment is similar to Hous- 
ton’s treatment of the interaction between the 
atomic states *P, and 'P of p's or sp. In the 
general intermediate case between A,S and Q,w 
coupling, we shall have two wave functions 


¥(*111) = ao(*11) +hyo(*I), 
¥ (111) = yo(*IT1) + dbYo(*ID), 


where yWo(*II;) and yo(4II) are “unperturbed” 
wave functions corresponding to A,S coupling. 
(Each of our wave functions is of course two- 
fold degenerate.) In Eqs. (5), e+ =~7'°+8 
=1,/a|>|8|,|6|> |v]. In the limit of ideal 
2, coupling, |a| =|8| =|y| =|6| =2-+. 

Setting up in the usual way the perturbation 
problem for ¢he interaction of wo(*II;) with 
¥o(II), we obtain the secular equation 


Hu-E Hr 
Hy: Hn—-E 
E,-43X-E $anr 

| 3anr Eot+}3X—-E 


The second form of the determinant is obtained 
by evaluating the Hj,’s: 


Aa = foster, 


(5) 





= =0. (6) 
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with H=H°+2Zaijl,-s; (cf. Eq. (2)), with the 
1 


spin-orbit terms expressed in proper operator 
form.® Introducing suitable antisymmetrical Ag 
or MO wave functions for Wo(*II,) and ¥o(*t) 
we find that only the H° operator contributes to 
HA; and H2, only the spin-orbit operator to Au, 
The appropriate AO wave functions are given jp 
reference 13, and the corresponding MO fune. 
tions are easily constructed ; both yield the same 
results H,,=E)—3X, He=Eo+3X, H2= 4a}, 
where A= +1 or —1 according to the sign of the 
angular momentum of the = orbital in ze, or of 
the unpaired x orbital in z*o. In the case of 
mo, is opposite in sign to 2, where Q=44 
represents the angular momentum of the total 
state (in h/2zx units). The solutions of Eq. (6) 
are: 

E=Eo+}(X?+<a?’)}. (7) 
To check the result that |Hi2|=4a, note that 
when X =0, Eq. (7) yields E= Eo+}a, in agree. 
ment with Eqs. (3). 

In analogy to recent conclusions of King and 
Van Vleck in a study of observed s*, 'S—sp, 
*P, and 'P intensities and *P,’P energy spacings 
in atoms,’ it appears that in the equation 
Hy.=+a/2, a factor » somewhat less than 1 
should be introduced, so that 


Hy2= +ya/2; (8) 


uw should approach 1 if X approaches 0. 
It is useful to introduce the parameter R: 


R=X/ua. (9) 


Using Eqs. (1) for *Iz and *IIo, and Eg. (7), 
modified in accordance with Eq. (8), for *II; and 
II, we have 


E(*Ilo, #1) =Eo—}X (1-£1/uR) 

= Eo¥ $a(1+2R), 
E(*I,, 'I1) = Eo 4X (1+1/R?)! 

= EoF fap(1+R’)!. 


For the configuration z°*o, the *II is inverted, and 
the upper signs in the first line of Eqs. (10) 


(10) 


*Cf. e.g., J. H. Van Vleck, The Theory of Electric and 
Magnetic Susceptibilities (Clarendon Press, Oxford, 1932), 
pp. 159-162, Eqs. (75), (78), (79). 

7G. W. King and J. H. Van Vleck, Phys. Rev. 56, 464 


(1939). 











*rator 


o(‘Il), 


d, and 
. (10) 


ric and 
, 1932), 


56, 464 








belong to *IIz, the lower to “IIo. For zo, the ‘II is 
regular, and the choice of signs is reversed. For 
either configuration, the upper signs in the 
second line of Eqs. (10) belong to the *II,, the 
lower to the "II level. 

Equations (10) neglect “‘case c tendencies” 
and other secondary effects. These should pro- 
duce more or less distortion of the energy 
intervals and a splitting of the *Io, especially for 
the heavier halogens (see Section III). 

The following energy interval formulas based 
on Eqs. (10) will prove convenient: 


dv= E('M1) — E(*M;) 
=X(1+1/R*)*=ap(1+R?)!, 
E(*Il) — E(*Ilo) = 34+ 3a(uR—1), 
E(*Illo) — E(*Il,) = 34v —3a(uR—1). 


(11) 


The last two equations apply only for inverted 
31, as in the halogen Q states. 

We now turn to the intensities of the three 
allowed transitions of the N—Q complex. In A,S 
coupling (R= © in Eq. (9)), only N—"'II would 
occur. As we go toward Q,w coupling, N—*Il, 
gradually steals intensity from N-"II until for 
ideal 2,w coupling (R=0) the intensity is equally 
divided between the two. This is because of the 
gradual mixing of the Wo(*II,) and po(*II) func- 
tions (cf. Eqs. (5)). 

The coefficients in Eqs. (5) are found to be as 
follows (cf. Section ITI): 


¥(811,) = (1 +37) §Levo(*Mi) +yo(M) J, 


(12) 
¥(IT) = (1 +2") 4 Yo(*M1) —2yo(*T) J, 


or else with the sign of Wo(*II) reversed in each 
equation (for our present purposes this does not 
matter). In Eqs. (12), 


z=R+(R?+1)!. (13) 


Each of the wave functions in Eqs. (12) is, as 
already noted, doubly degenerate. If we let x 
and y be two directions perpendicular to the 
axis of the molecule, and if we now use real wave 
functions, then the degenerate pairs of wave 
functions may be called y(*I,), ¥(*II,,), and 
so on. 

Now let D, be the dipole strength of the transi- 
tion N—*II,, D: the same for NII. In terms of 
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experimental quantities, for either D, or Ds, 


G’D= [3hc/8xine*] f kydv/» 


=3.83%10-" f dv/>, (14) 


where k is the absorption coefficient, per cm, 
for gas or vapor corrected to 0°C. and 1 atmos- 
phere pressure.* In the present case, G’=2, 
corresponding to the twofold degeneracy of *I, 
and 4II. In Eq. (14), G’D is in cm?. A more con- 
venient unit is the square angstrom; then 


G'D=3.83x10- f kdv/>. (15) 
In terms of quantum-mechanical theory,*®* 
D=Q=O4, Qv= fYN)ZyAM(Tis)d0, (16) 


where —e times Ly; is the dipole moment 
operator for the y direction, and II,, stands for 
5JT,, or 4II,. 

Substituting from Eqs. (12) in Eq. (16), 
noting that 


J ¥*(N)Zywo(*Miy)dv=0, 


and putting 


Dye=Qne’, Ona= f ¥*(W)Exaba('TL.)do 


e f ¥*(N)Zyao('M,)dv, (17) 


we have 
D,=Dyo/(1+2*); D2=2*Dye/(1+2*). (18) 
We then have 
D2/D,=2=(R+(R?+1)?P. (19) 


The validity of Eq. (19) may of course be im- 
paired if case c influences become large. 

As we go from A,S toward Q,w coupling, the 
wave function and energy of Qo (i.e., *Io+) re- 
main in first approximation constant (see para- 


* Cf. R. S. Mulliken, J. Chem. Phys. 7, 14 (1939), espe- 
cially Eqs. (15), (3), (4). The quantity G’D here is identical 
with (P/e)* of reference 2. It is preferable to calculate D 
values, rather than f values as in some of the writer’s 1939 
papers. 

The Q here has of course no connection with the 
symbol Q used for the Q complex of Q states. 
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graph following Eq. (4)), so that the intensity 
of N-—Q> should remain zero, as it is in A,S 
coupling. But case c¢ tendencies and other 
secondary effects cause admixtures of wave 
functions of higher energy singlet (and triplet) 
states to enter the Qo wave function, and of 
triplet (and singlet) states to enter the NV wave 
function. With the help of these, as further 
discussed in Section III, N—>Q» becomes allowed. 


III. THEORY INCLUDING PERSISTENCE OF 
Atomic J QUANTIZATION 


The effects of partial 2,w coupling in diatomic 
molecules are similar to those of partial J,j 
coupling in atoms. The main effect is usually 
an interaction between certain states of different 
spin but otherwise alike and belonging to the 
same electron configuration (intra-configuration 
interactions). Thus for the halogen Q, states, 
interaction occurs between the *Q; and the 'Q as 
discussed in Section II. 

Besides intra-configuration interactions, how- 
ever, 2,w coupling, like J,j7 coupling in atoms, 
leads also to inter-configuration interactions. Gen- 
erally, as with atoms, these are of secondary 
importance. Inter-configuration interactions are 
possible between any two states having the 
same parity (g or u) and the same Q; if 2=0, 
the interacting states must be alike in the + or 
~ property indicated in the symbols 0*, 0-. 

Under some circumstances, inter-configuration 
may become comparable in magnitude to intra- 
configuration interactions. In familiar molecules, 
the most important inter-configuration inter- 
actions come, directly or indirectly, from “‘sepa- 
rate-atom-case-c” effects.* These effects occur 
when a set of molecular states belonging for 
A,S coupling to several distinct molecular electron 
configurations go over, on separation of the 
molecule into its two atoms, into states of a 
single atomic electron configuration. 

For’ example, a large number of lower-energy 
states of any halogen molecule go over® on 
dissociation into states of the atomic configura- 
tion p*-p*®. The latter, when the atoms are 
separate, gives states of three distinct energy 


* One might also discuss united-atom-case-c effects, but 
this is not worth while here, since the united-atom approxi- 
mation is of little significance for molecules such as the 


halogens. 
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values: (?*Piy,°P1y), ?Pis,*Ps), and (*P,2P,). if 7 
and S in each atom are strongly coupled to form 
a J, there is a strong tendency for this coupling 
to persist even when the atoms combine to g 
molecule. That is, the type of coupling which 
occurs in the atoms, and which needs to be 
completely unscrambled if molecular wave fune. 
tions corresponding to pure and definite molecy- 
lar electron configurations are to be obtained, jg 


partially retained in the molecule. Or conversely, 


starting from the molecular viewpoint, one may 
say that the tendency toward atomic-J quantiza. 
tion causes an interaction and partial scrambling 
of molecular states having different electron 
configurations. 

Such interactions are called separate-atom- 
case-c effects of, say, Type J. Additional, less 
direct, separate-atom-case-c interactions (say, 
Type II) occur when molecular states derived 
from one atomic electron configuration interact 
with others derived from another. Interactions 
(often strong) between states with different 
electron configurations occur, of course, even for 
A,S coupling, in the case of states which are 
alike in parity, in S, in A, and, if A=0, in + or — 
sign in 2+ or ~. These of course are not them- 
selves case c effects. But such interactions com- 
bined with case ¢ scrambling of states differing 
in A and S, but alike in Q, give rise to Type II 
case ¢ interactions. Both types of case c inter- 
actions must be considered in order to obtain 
an adequate explanation of the halogen N-Q 
spectra. 

In discussing separate-atom-case-c interaction, 
it is best to think in terms of AO approximation 
wave functions. We are of course particularly 
interested in the N and Q halogen states. In AO 
approximation, these and various other states,’ 
listed in Table I, are all derived from the union 
of two normal neutral halogen atoms each in a 
p®, ?P state. As a result of Type I case c inter- 
actions, all states of like case c classification in 
Table I interact more or less. For example, the 
wave function of state N, which if pure would be 
or-onr', 'X+, only, becomes polluted with a 
certain amount of the wave functions of o*-o's", 
3]I9+, and of:a *2~, and a second '2*, state. All 
such Type I case ¢ mixings for the N and Q 
states are listed in Table I. 
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It will be noticed that the *Q, and 'Q states 
are listed in Table I as perturbing each other; 
this is of course nothing else than the primary 
effect of partial 2,w coupling discussed in Sec- 
tion II. In addition, both states are perturbed 
(partial case ¢ coupling) by three others in 
Table I. Since the states causing the Type I 
case c perturbation of N and Q lie well above NV 
and probably? all definitely above Q, they should 
cause some lowering of the energy of N and 
especially of the Q states. Exceptional, however, 
is Qo, for which there are no perturbing states in 
Table I. Hence we expect Type I case c influences 
to cause a relative lowering of the energies of all 
the other Q states as compared with Qo. In par- 
ticular, Qo- is pushed below Qo; that is, the Q 
state *IIp, which for A,S coupling would have 
twofold degeneracy like the Q states "II, *II,, and 
3]],, must be split into two distinct components 
Qo- and Qo, as was shown by Van Vleck.° 

Equations whereby the magnitudes of the 
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foregoing Type I case ¢ energy effects can be 
estimated, provided we know the positions of 
the perturbing excited levels, have been given by 
Van Vleck for the states belonging to the 0*, 
and 0-, case c types.” A similar equation is 
obtained here for the 1, case ¢c type, to which 
50, and '0 belong. 

In order to obtain the desired equation for the 
1, type, one writes ; 


Vi =i o(*Il1) +a2o(*) +aso(*Aru) 
+ago(*Zu*)1+aso(*Zu*)1’, (20) 


i=1---5, where the various y's correspond to 
electron configurations as given in Table I. 
¥o(®Z.*)1 and Yo(*Z,*):’ represent the 2=1 wave 
functions of two *2+ states. The order in which 
the functions are written in Eq. (20) is supposed 
to be that of increasing energy. The process of 
determining the coefficients in Eq. (20) leads in 
the usual way to a secular equation which is 
found to be as follows :* 


| Eo—43X—E —}a2 —2-4a -ha -—2-ta 
—a Eot3X—-E 2-ka —}a 2-ta 
—2-ta 2-ta Hy—E 0 0 =0 (21) 
—ta —ta 0 Hy-—E € 
—2-ta 2-ta 0 € H;;—E 


In Eq. (21), Eo, X, and a are as defined in 
Section II. Eq. (21) applies to the case of the 
AO electron configuration o*-o*x* (briefly, zc) ; 
it applies also to the two-electron configuration 
xo, provided the sign before every a is re- 
versed.* Eq. (21) really covers two cases, 2= +1 
and 2= —1; the sign of Q affects, however, only 
the sign of the matrix element HZ): and H2). 


*]. H. Van Vleck, Phys. Rev. 40, 544 (1932). 

® Reference 9, pp. 564-8. 

* The problem is essentially the same as that of the 1, 
states obtained by bringing together two p?P atoms (cf. 
reference 9 for the corresponding problem for the 0+ and 0- 
states). For two p *P atoms, the wave functions of Eq. (20), 
for 2= +1, take forms as follows: 


¥o(*M, M1) = 2-9, (1)0’(2) — w,’(1)0’(2) 

Fo’ (1)e,(2) +o(1)4,’(2) ]La(1)8(2) ta(2)a(1) J. 
The upper signs refer to *II,, the lower to "I; +, means an 
npr AO with positive angular momentum; the primed and 


unprimed symbols refer to the two atoms; a and 8 are the 
spin wave functions. 


Vol*Ara) = 2-4[ (1) (2) — (1) #4. (2) 18(1) (2) 








In the case that a/(H3:;—Eo), a/(Hu—Eo), 
and a/(Hs;—Eo) are small compared with X, 
the *II, and ‘II states interact mainly with each 
other, and, approximately, Eq. (21) factors, 
giving Eq. (6) for these two states as in Section 
II. 


Equation (21) may be rewritten in a form 
more convenient for our purposes if in Eq. (20) 


Vo(*Zu*)1 = HL wy (1) e_’(2) — w_’(1) (2) 
— my! (1)e_(2) +9_(1) 9 4'(2) Jor(1)ear(2) 
vo(Zy*)1’ =2-4[o(1)0’(2) —o’(1)o(2) Joar(1)ae(2). 
Using these wave functions, one sets up 
Hi = Si*(Zaidi-si)p dr, 


—cf. Eqs. (2), —with the spin-orbit energy set up in 
proper operator form. The integrals can be worked out in 
terms of simple matrix elements of the components of k 
and s;.° In this way we obtain essentially the nondiagonal 
matrix elements in Eq. (21), except for the electrostatic 
element ¢ which corresponds to a non-case-c interaction. It 
is not difficult to show that the matrix elements for the 
case ¢ interaction of the 1, states of two p*, *P atoms are the 
same as those for two p, *P atoms, except that every a 
is replaced by —a: in Eq. (21) in the text, this replacement 
has already been made. 
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TABLE I. Type I case c pollutions of N and Q states. This table is based on Table III of reference 2. The . 
tional states derived from configurationally unexcited atoms, but which do not interact with the N a 0 = addi. 











oo 
STATE 
von BE AS, poze A Tors ang AO Buscrzon Comins. 
N 0,* 1y,+ wa-ont xc -o%x?, Hoty; x'0?-o%x?, 35.- and ip 
‘ 2. Ts, ae-ots* x?-a2x}, As, Te. 
1 1, The mo -o*x 10; w'o?-o7x?, "Ai, and *2,*; rtg-gxt sy + 
o- 0,7 TI o-y mo -o*x* wio?- 2x3, 1E,~ and *2,+; r'¢-oxt ty + * 
" 0,,+ » Tot, xa -o2x3 none hin. 
1 1, 1, ao -o*x 901; wo?-o7x®, "Ary and *2,*; rte-oxt, 3 + 














we start with ¥(°Q:) and ¥(!Q), as given by Eqs. 
(5) and (12), instead of with o(*II;) and yo(*II). 











We then (cf. Eq. (7) for Hi: and Hy here) 
obtain: 








Eo—}(X?+a")!—E 0 —2-pa —toa —2-“pa 
0 Eyt}(X*+a*)i—-E -—2-tca pa —2-tca 
—2-4pa —2-tca H33—E 0 0 =G (22) 
— toa 3 pa 0 Hy—E € 
—2-*pa —2-‘ea 0 € H;,—E 
In Eq. (22), While considering Type I case c interactions, 


p=(z—1)/(1+2*)!, o=(2+1)/(1+2*), (23) 


with z=R+(R’?+1)!, R=X/a (cf. Eq. (13)). 
(Eq. (22) applies for the configuration o7*-o*x*; 
for the configuration x-¢, o and p replace each 
other throughout and, in addition, the sign 
before each a in the first row and in the first 
column is reversed. ] 


In the case that ¢, a/(Hs3— Hx), a@/(His— Ax), 
and a/(Hss—Hix), where Hix =Hii or Hee, are 
not too large, the two lower roots of Eq. (22) 
can be obtained approximately as follows, by 
expanding Eq. (22) and keeping the main terms: 
- E?Q)=Au —}p?a*/(Hss— Ai) 

— }0°a?/(Hu— A) 
—}$p?a?/(Hss— Hu), (24) 
E('Q) = He. —}0°a?/(H33— H22) 
—}p*%a?/(Hu—H22) 
—4o%a?/(Hss— Hee). (25) 


Eqs. (24), (25) correspond to the ordinary 
second-order perturbation energy expressions for 
the perturbation of *Q, and 'Q by the other 
three states. Hi, and Hz are the energies 
Eo+}(X?+<a’)! of *Q,; and 'Q, as given by Eq. 
(7) after allowing for their mutual interaction. 


it will be useful to give equations analogous to 
Eqs. (24) and (25) but applicable to the states 
N'3,+ and Qo-*IIo-.. The former state cor- 
responds to the lowest energy root of a secular 
equation for the 0,*+ states of Table I, the latter 
to the lowest root of a secular equation for the 
0.- states. These complete secular equations 
have been given by Van Vleck,f and it is only 
necessary to expand them under similar assump- 
tions to those made above in obtaining Eggs. (24) 
and (25) from Eq. (23). 
The equation for state N is: 


Ey =Hy—a@?/(H2—Hu)—e/(Hss—HAu), (26) 


where Hi;, Ho, H33 are the unperturbed AO 
approximation energies of N onx‘-or', '2*,, of 
on -on', *IIo+,, and of o°x*-o'x*, 'X+,; «=H 
represents an electrostatic matrix element, 
occurring even for A,S coupling. 

The equation for the Qo- state is: 


E(®M!o-u) = Hi: —4$0?/ (Hee — A111) 
—}a?/(Hu— Hu) —a?/(Hss— Hi), (27) 


where H,,; refers to ox*-on*, *IIo-u(Qo-), Hee to 
on? -g2x®, 1D-,, Hay and Hs5 to o*x*-o°n', *2*, 


+ Both secular equations are of the form given by Eq. (16) 
of reference 9, with the sign before each a reversed to cor- 
respond to the union of two atoms each of configuration 
p', instead of two atoms each with one ? electron. 
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and oxt-on', *Z*y (Hy and Hs; here are the 
same as in Eqs. (24), (25)). 

Equations (24)-(27) include, of course, only 
Type I case ¢ effects and do not include the 
perturbing effects of various higher excited 
states. Especially important among the latter 
should be strong perturbations by certain ionic 
states, namely for state N by the o*x*-xt, '2,+ 
ionic state and for the Q states by the o*x*-ox’, 
31], and II, ionic states (the configurations given 
are of course AO ones). Admixture of the wave 
functions of these ionic states into the ordinary 
AO functions of states NV and Q carry the latter 
over toward the MO approximation wave func- 
tions. 

Type II case c¢ effects should come in mainly 
as an indirect result of these ionic admixtures. 
For example, because of case c influences (cf. 
Section VI), o?x*-o7*, *IIo+, must be more or 
less mixed with the following three other states 
having the same case ¢ classification 0*, and 
the same atomic electron configuration p*-p*: 
oxt-t, 1D,+, o7@t-o'e?, 1D,+ and *2,-. Strong 
perturbation of Qo (i.e., o°*-on', 5IIo+.) by the 
ionic o2x*-on*, *IIp+,, the latter admixed with a 
considerable amount of V o*x*- x‘, '5,,+, doubtless 
represents the (Type II case c) mechanism 
whereby Qo acquires that admixture of V wave 
function which has been suggested” ® as a likely 
cause of the occurrence and anomalously high 
intensity of N-—>Q> in the heavier halogens. 
Admixture of V in Qo should cause considerable 
intensity in N—>Q, in view of the fact that calcu- 
lations show that N-V should have extra- 
ordinarily high intensity." The intensity of 
N-Q, will be further discussed in Section VI. 

The various above-discussed perturbations of 
the AO-approximation N and Q wave functions 
should depress these states (that is, lower their 
energies) considerably. The depressions produced 
in the various individual states of the Q complex 
by the ionic *II,, ‘II, and other high excited 
states, though fairly large, should presumably 
all be nearly equal. 

This is not true, however, of the Type I case 
¢ depressions. On putting in numerical values for 
the estimated energy intervals (see below) and 


for a in Eqs. (24), (25), (27), one finds that the 


"R. S. Mulliken, J. Chem. Phys. 7, 20 (1939). 
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*Q, and especially the 'Q and the Qo-(*Mlp-,) 
levels for Bre and especially I; should be de- 
pressed very noticeably by Type I case c 
effects. But since no such effects act on Qo, the 
other members of the Q complex should, as 
already noted, all be depressed relatively to the 
latter. Thus the *IIp level should be split into Qo 
(upper component) and Qo- (lower component), 
and the intervals between Q» and the *Q; and 'Q 
levels should be altered as compared with Eqs. 
(11) of Section II. In Sections IV and V, we shall 
examine experimental evidence for Bre and I, 
bearing on these questions. 

The argument of the preceding paragraph is 
based on the assumption that all the denomi- 
nators in Eqs. (24), (25), (27) are positive. 
Estimates of the values of these can be found for 
I; in Table III of reference 1. According to this 
table, whose energy estimates are based on the 
MO approximation, these denominators are 
indeed positive, and not too small to make Eqs. 
(24)-(27) represent tolerably good approxima- 
tions for the Type I case c energy effects.* 

In an earlier paragraph, a Type II case c 
mechanism which may account for the high 
intensity of N-—+Q) (which would be forbidden 
in the approximation of Section II) has been 
mentioned. A second possible case c mechanism, 
this time of Type I, has also been proposed.” 
The latter involves perturbation of N—'2,+ by 
Qog (o°x*- or, *IIo+,). If the N wave function con- 
tains admixture of Qo,, it becomes able to com- 
bine with Qo, since *IIo+,—*IIo*, is allowed. 

For any second-order energy perturbation 
equation there is a corresponding first-order 
wave function equation; thus corresponding to 


* The only ible ae is in regard to (H33;— H2:) 
and (Hu— Ha) of Eq, (25), and (H22— Hi) and (Hu— An) 
of Eq. (27), for all of whith the upper state ('Z,~,°A.,, or 
*Z.*) belongs to the AO electron configuration o*x*-o*x’. 
AO approximation calculations indicate that these states 
should lie only a little above the Q states, perhaps near the 
Q,(o*x*- ox, II,, Il,) states. Perturbations by higher energy 
states should, however, ihcrease the separations (by de- 
pressing the Q states much more than the o*x*-o*x* 'Z,~, 
*A,, and *Z,* states), tending to make them accord with 
the MO approximation predictions. On the whole, it seems 
fairly certain that the denominators just discussed are all 

itive, and likely that they are not excessively small. 
t is possible, however, that some of them may be rather 
small; in this event, Eq. (21) and Van Vleck’s secular 
equations should be used instead of Eqs. (25) and (27) if 
more than rough qualitative conclusions are desired. 

” Reference 2, pp. 564 and 314. 
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TABLE II. Interpretation of data on the N->Q complex. 





























ee 
DatTal? INTERPRETATION I? INTERPRETATION I]? 
MOLECULE | PEAK vmax 2G’D X104(A*) | Q LEVEL vmax DX10*(A®)| Q LEVEL Ymax Dx104 Ay 
F; A 34500 6.8" i] 34500 3.4 a 
I 
B 23550 1.1 11, [23240] [0.05] 
Cle 3TT + 23550 1.0 
A 30300 56 11 30300 28 
a 
{ 11, [18630] [3.0] | (mh 20730 20 
Bre B 20730 46 3]T 9+ 20730 40 3TT 9+ [22800] 20 
A 24300 114 3 8 24300 57 1 24300 50 
B 13660 (3) TT, 13660 (2) MT; 13660 (gy) 
I, A 19200 620* { TT 9+ 19200 610 { 5TT y+ 19200 610 
11 [19820] [6] I [18920] [3] 
es 








1 For further details, and data on ICI, IBr, BrCl, cf. reference 1, p. 562, and J. L. Binder, Phys. Rev. 54, 114 (1938). 
?The 2G’D values (cf. Eq. (15)) and vmax values are based on sources given in reference 1, p. 562, also reference 3 (Cl2), reference 13 (Brs) 


and reference 16 (I:). 


The 2G’D values have been evaluated from Eq. (15), except those marked by asterisks which have been evaluated 


rather roughly. The G’D value for peak B of I: is an exceedingly rough and uncertain estimate based on appearance pressure data of 
Ps { Professor 


W. G. Brown (cf. Phys. Rev. 38, 1187 (1931)). The quantity G’D here is identical with the quantity (P/e)? o 


the square angstrom (A). 


reference 1. The unit used for Dis 


3 See text for explanation of the two interpretations. Quantities in brackets are calculated values (see Table ITI). 


Eq. (26) we have 


WN) =Po(N) —[a/(H22—Hi1) Wo(Qog) 
—[e/(Hss—Hir) Wo(o?x*-o?x*, *E,+). (28) 


For iodine, a=5067 cm (cf. Table III), while 
Hew—Hy, can be estimated as not far from 
25,000 cm=!. This would mean that yWo(Qo,) 
would appear in Eq. (28) with a coefficient about 
0.2 as large as that of Yo(NV). [The corresponding 
energy depression, from Eq. (26), would be about 
1000 cm-'.] Because of the presence of Wo(Qo,) 
admixture in Yo(N), N—Q> should now occur 
with a dipole strength (0.2)?, i.e., 0.04, as large 
as that for pure Qo,— pure Qou.,—or somewhat 
less, say 0.03 instead of 0.04, because of the rather 
strong ionic admixtures in ¥(N) and (Qo). 
Whether perturbation of N by Qo, can explain 
the observed intensity of N—Q» depends, then, 
on how strong pure Qo,—pure Qo, would be. We 
shall leave this matter open until the further 
discussion of N—>Q, transitions in Section VI. 


IV. ANALYSIS OF EXPERIMENTAL DATA FOR Fs, 
Cle AND Br2 


With the aid of the theoretical relations of 
Sections II and III, and of recent new experi- 
mental data, conclusions previously given by 
the writer?* and modified by Bayliss and his 
collaborators‘ are here systematically reviewed. 
The most likely revised interpretations of the 
available evidence are summarized in Tables II 


and III. The analysis generally confirms byt 
clarifies the earlier interpretations, and yields 
some interesting new points. 

Some general remarks must first be made 
about the quantity 2G’D in the fourth column 
of Table II.8 In general, (cf. Eq. (15)), the 
quantity 3.83X10*fkvdv/» is conveniently 
taken as an experimental measure of absorption 
strength. This should be equal to G’D if the ab. 
sorption region in question belongs to a single 
transition, but if it results from an overlapping 
of regions belonging to two or more transitions, 
it should be equal to a sum 2G’D taken over 
these transitions. Since G’ = 2 for N—*Q, and for 
N—'0Q, but G’=1 for N-+Qo, we cannot evaluate 
experimental D’s until we have identified the 
absorption region and know its G’, in case it is 
simple, or until we have analyzed it if it is 
complex. With this in mind, we can proceed to 
the discussion of specific spectra. 

Let us begin with Cl, and Bre. Bayliss and 
collaborators‘ have shown that the N-@ ab- 
sorption continuum of each of these molecules 
is a superposition of two continua A and B., In 
Cle, peak B is about 1/66 as strong as peak A, 
and the two peaks are 6750 cm~ apart; in Br; 
peak B is about a third as strong as A and 3570 
cm! from A. In both cases, B really appears in 
the spectrum not as a peak but as a shoulder on 
the side of the main peak A. 

In Cl; the A,B interval is so large, according 
to Aickin and Bayliss,‘ and the spin-orbit coup- 
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TABLE III. Interpretation of data on the Q complex. 
































——— 
RELATIVE ENERGIES (CM™~) D1ro.e 
STRENGTH 
CoupLinG COEFFICIENTS"? TIO 
IF CALCULATED* OBSERVED‘ D2/D, 
MOLECULE a xX A=1) ‘IIs ‘Ti "Ilo M1 Mot —*,1 ot 9M —, | Catc.? Oss.‘ 
ch | 587 7040 12.0 | —281 306 7060} — 6750 — | 590 >50 
i | 2457 1: 5110 2.09 | —947 0 1510 5670 | 2100+ 3570 - 19 _ 
II: 2600 1.06 | —742 0 1715 3570 | 2100+ _ 3570 6.3 2.5 
| 1: £3500) f0.69] -1207 038606160 | $540 - - | 38 - 
5067 \ II: [1000] [0.2] | — 407 0 4660 5260 | 5540 - - 1.5 _ 
a 








1 The coupling coefficients @ correspond to normal neutral atoms (cf. reference 2). _ 
*The two sets of X and R values for Br2 and I: correspond to the two interpretations I and II of Table II. The values for Is, in brackets, are 


imated by extrapolation from Cl: and Bre. 


3 The calculated quantities are based on a and X of the preceding columns. 

‘The “observed” quantities are from the following sources: Cla, reference 4; Br2, reference 13 for II —*II and reference 14 for *Mlo+—*Mi; I: 
reference 16. The *Ilo+ —II, intervals are based on the minima of the corresponding potential energy curves, except that for I: the interval is based 
on continua maxima (the interval from potential minima, 5510 +400 cm~—see reference 1—is, however, nearly the same). The II —*Mot or 111 —*1; 


in are based on continua maxima. 


ling coefficient a is so small,’ that the coupling 
must be close to the A,S type. Peak A must then 
be exclusively N—'Q, while peak B must be 
either N—*Q, or N—Qp or both.‘ In either case, 
the frequency interval between peaks must 
approximately equal the A,S singlet-triplet in- 
terval X. Knowing X and a and setting p»=1 
as an approximation in Eq. (9), we can then 
calculate theoretically the intensity ratio De/D, 
of N—'0 to N—*Q, by Eq. (19). The result is 
D,/D,:=590. From this and the observed G’D 
value‘ of 56X10-* (in A?) for peak A we cal- 
culate that G’D should be 0.095 x 10 for N—*Q,. 
Since the observed 2G’D for peak B (see Table 
II, footnote 2), is about 1.110~, it becomes 
probable that peak B is mainly N—-Q». The 
interpretation given in Tables II and III has 
been worked out on this basis. 

That peak B is mainly N-—Q, is also in har- 
mony with the fact that the observed weak 
discrete absorption bands of Cl: belong to 
N-Qo. If N—'*Q; were comparable to N->Q, in 
intensity, some of its bands would probably have 
been observed. 

It is clear that the one observed continuum 
peak for F; must be N— "Il, since a is smaller 
and R probably larger for Fz than for Cle. The B 
peak of F; must be very weak, since neither it nor 
possible accompanying bands have been observed. 

In seeking to interpret the A and B peaks of 
bromine vapor," we first note that the interval 





4% A. P. Acton, R. G. Aickin and N.S. Bayliss, J. Chem. 


Phys. 4, 474 (1936); N. S. Bayliss, Proc. Roy. Soc. A158, 
551 (1937). 





between the minima of the Qo and *Q, potential 
energy curves, as determined by Darbyshire,™ 
is probably not far from 2100 cm-. Since about 
the same separation (or if anything a somewhat 
smaller separation, see below) should exist 
between the corresponding continua maxima, the 


’ possibility that the A,B separation of 3570 cm= 


could be Qo—*Q; seems to be ruled out. Franck- 
Condon evidence supports this conclusion.* ™ 

There remain two possibilities: the 3570 cm 
A,B separation may be either 'Q—Q, or '0—*Q. 
The first alternative implies that the N—-*Q, 
peak must be weak and fall‘on the long wave- 
length side of B, the second that the N-(Q, 
peak must be rather weak and form a part of the 
A or B peak. As we shall see in the following 
paragraphs, either alternative seems to be com- 
patible with existing information. The evidence 
on the whole favors the first interpretation (inter- 
pretation I of the tables), but unfortunately 
none of it seems quite decisive. 

Let us begin with the second interpretation 
(interpretation II of the Tables). If peak A is 
N—'Q and B is N-*Q, and if we can neglect 
case c effects, we can calculate the quantity R 
by means of Eq. (11), assuming »=1, also (since 
a is known), the quantity X by Eq. (9): see 
Table III. Knowing R, the dipole strength ratio 
D:/D, for the two peaks can be calculated. The 
resulting value of 6.3 (cf. Table III) perhaps 
does not disagree too badly with the observed 
value of 2.5, considering uncertainties as to y,a, 


“QO. Darbyshire, Proc. Roy. Soc. A159, 93 (1937). 
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the distance B—A, and the influence of case c 
tendencies. Still, it does not give very strong 
support to interpretation II. 

The energy interval Qo—*Q; can also be calcu- 
lated (cf. Table III). The calculated value of 
1715 cm~ is in reasonable agreement with the 
2104 cm~ interval observed for the potential 
minima, when allowance is made for case c 
influences, which tend to lower the energy of *Q; 
(cf. Section III). A similar but considerably 
larger effect of the same kind is present in iodine 
(see below). 

According to the preceding calculation, the 
N-—Q> peak should lie about midway between 
A and B peaks. In earlier discussions, it has 
generally been supposed to form part of the A 
or of the B peak.?~* Examination of the curve of 
absorption coefficient against frequency as given 
by Bayliss" indicates that this could be the 
resultant of three superposed curves B,C, and A 
with the C peak about midway between the 
other two. A plausible redistribution of the A 
and B intensities among A, B, and C is given in 
interpretation II of Table II. According to this, 
C is weaker (in G’D strength) than either A or 
B, but still of considerable intensity. The latter 
seems necessary in view of the relative conspicu- 
ousness of the N—Q,p discrete bands in the Bre 
absorption spectrum. 

Now let us consider interpretation I: 

(A =N-'Tl, B= N—*Ip*). 


According to this, a weak N—-*II,; or C peak 
should lie at about 2100 cm lower frequency 
than B, 2100 cm being the known Qo —*Q, inter- 
val as obtained from the potential minima. This 
gives the 'Q—*Q, interval to be about 5670 cm. 
Proceeding as we did above for interpretation II, 
we obtain X=5110 cm, R=2.09, and D2/D, 
=19 (cf. Table III). From G’D=114X10-*A? 
for N—'Q, we then calculate G’D = 6.0 X10~ for 
N—'Q;. On examination of the intensity curve 
of the B continuum as given by Bayliss,” it 
seems possible that a small C peak of this mag- 
nitude could be hidden in the low frequency tail 
of B, a region where discrete N—Q» bands also 
occur.* Thus either of the interpretations I and 


* A careful remeasurement of the absorption coefficient 
in this region, with a foreign gas added at high pressure 
to suppress the band structure, as in the work of Rabino- 
— Wood on iodine (cf. reference 16), might be 
valuable. 
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II seems compatible with the observed shape of 
the B continuum, so far as can be seen from 
inspection of Bayliss’ curve.” 

A possible argument in favor of interpretation 
I is the reported relative weakness of the discrete 
bands of N-*Q, as compared with those of 
N-Qv (cf. reference 1, p. 562) ; but the observa. 
tions are too qualitative to be conclusive. 

The strongest argument in favor of interpreta- 
tion I seems to be that the segment of potential 
energy curve obtained by Bayliss from the 
position and shape of the B peak fits very wel] 
as a continuation of the Morse curve of the Qo 
state, but is too high to be fitted, without forcing, 
onto that of the *Q; state (see the curves in 
reference 4). In harmony with this, the »,,, 
predicted by the Franck-Condon principle from 
the Qo Morse curve agrees closely with that of 
the B peak.” The argument is supported by the 
existence of a similar fit between Morse curve 
and vmax Of N—Qp in iodine (cf. Section V); in 
the latter case there is no doubt that »,,, 


- belongs to N-Qo. The argument is (on the whole) 


enhanced by the fact that in chlorine,‘ the 
accurate potential energy curve of Qy (con- 
structed according to the Rydberg-Klein method) 
runs much lower than the Morse curve in that 
part of the curve which is responsible for »,,,;. 
A careful construction of the lower parts of the 
Bre curves by the Rydberg-Klein method should 
have value in deciding between interpretations 
I and II. 

Some uncertainty is introduced into the pre- 
ceding arguments as a result of theoretical cal- 
culations reported in a separate paper.' Accord- 
ing to these, the dipole strength D for the 
N-—"3Q, transitions diminishes rapidly with 
increasing internuclear distance r. For a given 
potential energy curve, this would cause an 
increase in Vmax aS Compared with what one 
would predict from the usual tacit assumption 
that D varies only slightly with r. In the case of 
N-(Q> it has not been feasible to make calcu- 
lations on D. It seems likely that here also D 
may vary rapidly with 7, although it is not 
excluded that Dye, may be near a maximum at 
normal internuclear separation. In any case, it 
appears that the deduction of segments of poten- 
tial energy curves from intensity distributions 
in absorption continua may often need revision 
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to allow for such effects. It appears further that 
caution is needed in interpreting observed 
intervals between the ymax of continua as equal 
to vertical intervals between corresponding 
potential energy curves. 

A point worth mentioning is the possibility of 
predissociation in the N->Q> bands as a result 
of the crossing of the Qo by *Q curve (cf., however, 
the discussion at the end of Section V). Bayliss 
and Rees‘ suggest that such crossing is the cause 
of possible vibrational perturbations reported by 
Darbyshire“ in the neighborhood of the fourth 
vibrational level of Qo. As Bayliss and Rees have 
shown, it is likely that the crossing of Qo by 'Q 
is at about this height, on the outer limb of the 
Qo potential energy curve. The point of crossing, 
however, is not affected by the choice between 
interpretations I and IT.'5 

It is difficult to understand that perturbations 
rather than predissociation should occur near 
the crossing point. However, no rotational 
analysis has been made of bands involving 
vibrational levels near the supposed location of 
the perturbations or predissociation. 


V. ANALYSIS OF EXPERIMENTAL 
DaTA: IODINE 


In the iodine vapor spectrum there is a very 
weak B peak at 47320, which can be immediately 
identified as N—*Q,, and a strong A peak near 
45200 (cf. Table I). Whereas in the other halo- 
gens only an unimportant fraction of the total 
absorption strength is in the bands, in iodine the 
A peak is actually within the banded part of the 
spectrum (N-—(Q, bands) ; it is, however, not far 
from the convergence limit of the latter. As is 
well known, attempts to measure true absorption 
strengths in regions of discrete bands are fraught 
with dangers. This difficulty exists over the long 
wave-length half of the A region of iodine. 
Rabinowitch and Wood, however, have over- 
come it by blotting out the band structure with 
the use of a pressure of 500 mm of foreign gas." 
The resulting curve of absorption coefficient 


% Bayliss and Rees’ assumption (see their figure) that 
the Qo curve crosses the Q; curve a second time at an 
internuclear distance corresponding to the normal state 
of the molecule is in disagreement with both interpretations 
I and II, and seems very improbable theoretically. 


“ E. Rabinowitch and W. C. W. 
32, 540 (1936). _— ood, Trans. Faraday Soc 
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against frequency is much smoother, and has its 
peak at a lower frequency, than those of earlier 
observers who used iodine vapor by itself. 

Examination of these results of Rabinowitch 
and Wood shows conclusively that at least a 
considerable fraction if not most of the intensity 
of the A region belongs to N-+Qy (bands and 
continuum). It shows also that N—>"Q, if present 
in the same region, must be much weaker than 
N-—-Qo, or else have its peak at nearly the same 
frequency, or both.* Hence, definitely, ymax of 
A is ¥max Of N—Qo, while the position of ymax of 
N-—'Q remains to be determined. 

In an effort to do this, one can estimate values 
of X and R for I; by extrapolation from the 
values for Cl, and Bre. Knowing a and R and 
the position of ymax of N-*Q,, the position of 
N—'Q (and of N-+Qo) can be calculated. Two 
estimates for X and R, corresponding, respec- 
tively, to the two interpretations of the Bre con- 
tinuum, are given in Table III. Let us call these 
interpretations I and II for Is. Interpretation I 
locates N—'Q at 600 cm higher frequency, and 
interpretation II at 600 cm~ lower frequency, 
than the peak of the A region. The intensity of 
N-—'Q, obtained from D2/D, calculated in the 
usual way, combined with the (unfortunately 
very uncertain**) D value of N-—*Q,, comes out 
a very small fraction of the observed =G’D 
value of the A region in either case (cf. Table II). 
From this, in harmony with the experimental 
evidence noted above, there seems to be little 
doubt that the N-—'Q continuum must be a 
weak one buried under the much stronger con- 
tinuum and bands of the N—Q, transition. No 
reasonable variation in the estimated X value 
for I, could change this conclusion, as can be 
seen from Table III**. 

It will be noted that the observed interval 
Qo—*Q: (5540 cm~ from the interval between 
the A and B peaks, confirmed by the value 


* A shoulder normally present on the low frequency side 
of the A region of iodine nearly disappears when foreign 
gas pressure is high enough, and it may be supposed that 
it would disappear entirely in the limit. At any rate, its 
location does not at all conform to that expected for 


N—'0. 

o Fine calculated intensity of N->'Q is uncertain because 
of the great uncertainty (cf. Table II, footnote 2) in the 
intensity of N—»*Q,. It would be very desirable that the 
latter should be measured quantitatively. There seems to 
be no doubt, however, that N->*Q, is much weaker than 
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TABLE IV. Type I case c depressions of Q energy levels in 12. The Hi values are from Table II, those in brackets bej 

calculated. The Hyy and Hoe estimates are based on Table III of reference 2. The p and o values are calculated usin Ege 

' (23), (13), and the R values of Table III above. The A;’s and B;’s are then calculated following Eqs. (24), (25) (2) r 
(29), using a=5067 cm. The A; and B; parts and the total AE are calculated according to Eqs. (29). The : 


: ‘observed” at 


values for *Q, represent the excess of the observed over the calculated value of the interval *Ilo+—*Il, in Table III above, 
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10 {i 1.37 (2.28) (3.25) | 0.43 1.35 14.0 2.3 617 71 688 | 1689. 
1 1\qT 1.37. (2.28) (3.25) | 0.14 1.41 13.0 0.25| 572 8 580 | gg 
10 { I fi-98) (1.67) (2.64) | 0.43 1.35 23.6 23.1 | 1410 870 20 | aot 
11 [1.89] (1.76) (2.73) | 0.14 1.41 25.7 25.6 | 1460 940 2400 | _ 

Qr- 1.92 (1.73) (2.70) 25.6 25.6 | 1470 950 a2 | a 























5510+400 cm- from potential curve minima) is 
considerably larger than the calculated value 

* for either of the interpretations I or II,—larger, 
indeed, than the value 5067 cm~ corresponding 
to ideal 2,w coupling (X =0). This, like the high 
intensity of N-—+Qo should be explainable by 
strong case c influences; a smaller effect of the 
same kind was noted above for bromine. 

To investigate this matter more quantitatively 
we may use some of the equations of Section III. 
The predicted energy depressions AE of the 
levels 30), 10, Qo(*Ilo*u) and Qo-(Ilo-u) by Type 
I case c influences are given approximately by 


M4E(°Q;) = Ai/(Hy2—HAis) + Bi/(Hee— Hi), 
AE(?Q) = Ao/(Hee—He2) +B2/(Hoo — H22), 
AE(Qo) = 0, 

AE(Qo-) =a?/(Hre—Hs3) +0*/ (Hee — H33). 


These equations are based on Eqs. (24), (25) and 
(27), and the meaning of the A’s and B’s can be 
seen by referring to the latter and to Eqs. (23). 
In Eqs. (29), Hi:1, Hee, Hs refer to the energies 
which *Q,, 'Q, and Qo would have in the absence 
of Type I case ¢ perturbations, and H,, refers 
to the unperturbed energy of o7*- or‘, *2,*. The 
first term on the right-hand side of each of Eqs. 
(29) is a result of lumping together. two terms in 
each of Eqs. (24)-(27). In each case, the de- 
nominators of both terms refer to odd states of 
the electron configuration o**-o’x*; since these 
states are probably fairly close together in 
unperturbed energy, the latter may be replaced 
by an average value which we call 7,,, permit- 
ting lumping. 

Table IV contains the numerical data neces- 
sary to calculate the AE’s of Eq. (29) cor- 


(29) 





responding to each of the two interpretations 
I and II of Tables II and III for Is. The mogt 
uncertain quantity used is H,, (compare the 
discussion in Section III) ; this quantity has been 
estimated from Table III of reference 2. The 
other quantities used are known or can be cal. 
culated fairly accurately. The “observed” AF’s 
are simply the discrepancies between the actually 
observed Qo—*Q; energy interval and the inter. 
vals calculated corresponding to interpretations 
I and II without allowance for case c effects, and 
given in Table III. 

Referring to the last two columns of Table IV, 
one sees that the ‘‘observed”’ and calculated AE 
values for *Q; are of the same order of magnitude. 
The “observed” values are the larger, however, 
especially for interpretation I. This perhaps is 
evidence for interpretation II. Or, it may be 
taken to indicate that the actual quantities 
H,,—H;; are smaller than the estimates in the 
table. It should, however, be kept in mind that 
some uncertainties are involved in identifying 
the figures in the last column with “observed” 
Type I case c depressions. 

In any case it is clear from the Eq. (29) for- 
mulas and Table IV that the depressions of 10 
and Qo- must be much larger than those of *Q,.* 


*If the Hye—Hi; values are really much smaller than 
the estimates in Table IV, as is suggested by the compari- 
son of observed and calculated AE’s for *Q;, then the AE's 
for 'Q and Qo- become so large that Eqs. (25), (27) and 
(29) no longer form a good approximation, so that one 
should go back to the secular equations from which Eqs. 
(25) ont (27) were obtained by expansion. In this case, our 
calculations of the ‘Q—*Q; interval and of the D;/D, in- 
tensity ratio in Table III would need revision. The location 
of N. 1, the conclusion that N->'Q is weak and buried 
under N—>Qo with its ymax at smaller frequency than for the 
latter, and the conclusion that the 'Q and Qo- 
energy curves are below the Qo curve, would not be changed. 
However, there would now be very strong mixing of the 
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The position of ¥max of N—'Q as calculated in 
Table II must then certainly be lowered, making 
it definitely lower than ymax of N—+Qo by either 
of the interpretations I and II or any other 
within reason. The calculations therefore estab- 
lish without much question that the 'Q potential 
energy curve must throughout its course lie 
below the Qo curve. This removes a possibility 
of (spontaneous) predissociation which would 
otherwise be expected for Qo of Iz. In Bre, the 
1) curve probably cuts the Qo curve and so should 
cause predissociation (cf. Section IV). However, 
there seems to be a bare possibility even for Bre 
that Q may run entirely below Qo as a result of 
case ¢ depression (only, however, if interpretation 
II should be correct). 

The calculations also leave little question that 
the Qo- potential energy curve runs well below 
the Qo curve, and so cannot be the cause of the 
well-known magnetic predissociation observed 
in iodine.* This leaves the o*r*-o?x*, '5.- and 
(Z,*)o- curves, which should definitely intersect 
the Qo curve, as the cause of this phenomenon. 
This ansers a question left by Van Vleck when he 
analyzed this problem quantum-mechanically.t 


VI. TowaRD EXPLANATION OF THE 
N-Q> INTENSITIES 


In Section III (cf. the discussion following 
Eq. (27), and that near Eq. (2)) two possibilities 


for explaining the high observed intensities of . 


the N--Qp transitions in the heavier halogens 
have been discussed. These will now be con- 
sidered more quantitatively. 

(1) If the strength of N-Qo is determined 
mainly by perturbation of N by *Ilo*,, then 
for iodine 


10 with the o*x*-o*r’, *A; and (*2*), wave functions, and 
weak transitions to the latter should occur, probably buried 
under N-+Qo. Likewise, the wave functions of Qo- and of 
or*-o'x?, 1Z-, and (*Z*,)o- would be strongly mixed. It is 
conceivable that the unperturbed energies of some of the 
states *A,, *2,*, 'Z,~ of o*x?-o*x* might actually be below 
those of 'Q and *Qo-, that is, Hye—Hz, and Hye—H3; 
might be negative. But this is strongly improbable in view 
of Table III of reference 1. Also, this would increase the 
calculated AE’s for *Q, to values greater than those cal- 
culated in Table IV. Even if the possibility should be 
correct, it would mean such a strong mixing of wave func- 
tions that they could not well be identified any longer as 
, *41, *£* and so on. There would merely be several 
states, some above and some below the Qo. 

t In case the Qo- and the o*x3-o%x?, 1E,- and *2,*+ wave 
functions are strongly mixed (cf. footnote on p. 512) the 
question becomes more or less academic anyway. 
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= 0.03079,9 = 0.03D 9,9, (30) 


where 0.03 is a value estimated in Section III 
following Eq. (28). The quantity Qe,¢ is found” 
to be given theoretically by the following: 


AO approximation, Qo,g=0; LCAO 


approximation, Qo,e=4r/(1—S,?)!. (31) 


For iodine (r,= 2.66A, S,=0.09, see reference 5), 
the LCAO expression gives Qe,g=1.34A, Do,¢ 
=1.80A?. Hence by Eq. (30) we obtain the 
following values for Dy, for iodine: zero by the 
AO approximation, 0.054A2 by the LCAO 
approximation. The observed value (cf. Table 
II) is 0.061A*. Since it is practically certain” 
that the true value of Dg, ¢ lies between the AO 
and LCAO values, more likely nearer the 
former in the present case, it appears probable 
that perturbation of N by Qo*, can account for 
only a part of the N-—+Q, intensity. 

(2) If, on the other hand, the strength of 
N-—Q,> is determined mainly by perturbation of 
Qo by certain ionic states B, C, D, E as discussed 
in Section III, then we may write 


¥(Qo) = ayo(Qo) —dy(B '2,*) —cp(C *E,7) 
—dy(D '2,*) —ey(E *Mory) +--+. (32) 


The wave function of each of the states B, C, 
D, E is a linear combination of the following 


type: | 
Vi=pPwo(o*x*- o?x?, 1E,*) 
+ Givo(o*x*- o?x?, *Z,-) 
+rapo(otat-x', Et) 
+sho(o*xt-ox*, Tory). (33) 


7 Cf. R. S. Mulliken, J. Chem. Phys. 7, 20 (1939), also 
reference 5, for methods of calculation. Intensity calcula- 
tions for the type *II,—*II, have not been discussed pre- 
viously, but the relation of the results of the two approxima- 
tions to the true value of the dipole strength is doubtless 
similar to that for [+> and other parallel-type transitions 
previously treated. However, the precisely zero result for 
the AO approximation is a new feature. This result can be 
obtained by using expressions similar to Eqs. (24), (26) 
of reference 5—see text following these equations—for the 
‘II, and *II,, wave functions, and setting up 


SV? (Mis) Zag) dr. 


The result is the same for any component of the *II states 
(*IIo, *II;, or *I1,)—also for "II. 
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The reason for the mixing of the unperturbed 
states yo of Eq. (33) is the existence of strong 
Type-I-case-c-like coupling among the unper- 
turbed states, corresponding to partial per- 
sistence of atomic L, S, and J quantization. This 
is because all four yo’s correspond to the same 
atomic electron configuration p*- p* (one negative 
and one positive ion). [For p* of the positive ion 
we have of course the states *P, 'D, 1S, partially 
mixed by partial J,j coupling. ] It would not be 
difficult to set up the quartic secular equation for 
determining the coefficients in Eq. (33), but this 
would not be very useful, since it would contain 
several parameters whose values could be esti- 
mated only with much uncertainty. 

Without the mixing indicated by Eq. (33), 
only the ionic *IIo+, would perturb Qo. But 
because of the mixing of ypo(*IIo+.) with the 
other three yo’s in Eq. (33), states B, C, D, E 
should all contain strong admixtures of Wo(*Io*.) 
and should therefore all perturb Qo, as indicated 
in Eq. (32). Hence we have “Type II case c” 
mixing (cf. Section III) of (among others) Yo( V) 
into Qo, state V being the o?x*- x4, 'Z,,* of Eq. (33). 

Expanding Eq. (32) using Eq. (33) we have 


¥(Qo) = avo(Qo) —BYo(*Motu) 
— Wo V 1D ut) + —s , 
y=bret+cret+drpt+ers. 


(34) 


where 
(35) 
Of the several r,’s, two may be opposite in sign 
to the other two, so that y might be small even 
if the coefficients in Eqs. (32) and (33)-are all 
numerically relatively large. We shall return to 
this shortly. 

From Eq. (34), the dipole strength of N—Qo 
due to admixture of Yo(V) into Yo(Qo) is readily 
seen to be 


Dwa=v| f vinrzsebl V)ar| =7*Dyy. (36) 


If the observed intensity of N—@Qp> is due to 
this cause, then the observed D values for 
N-Qo of Cle, Bre, and I, (Table II, column 7 
or 10) can be used to evaluate | y|, provided we 
know the D values for the N—V transitions. 
These have been calculated theoretically for each 
of two approximations (AO and LCAO) in a 
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TABLE V. Perturbation of state Qo by state V. The served 
D(N->Qo) values are from Table II; for Br2, an re é 
the values from the two interpretations has been used The 
— are in A*, For the calculated Dyy values, see reference 























MOLE- Oss. ae Cane. tut 
CULE D(N Qo) AO LCAO AO LCAO 
Cl." | 0.0001 0.35 1.96 | 0.02 094 
Bre 0.003 0.63 2.60 | 0.07 093 
I, 0.061 1.09 3.53 0.24 0.33 








previous paper.” It seems likely® that the true 
D values are intermediate between those calcu. 
lated by the two methods. The necessary D 
values and the resulting calculated |+y| values 
are given in Table V. 

We may now inquire whether the | y| values 
indicated by Table V can be understood by the 
Type II case ¢ mechanism proposed above. 
According to perturbation theory, we have for } 
in Eq. (32): 


ul | f Yu(Qu)HIV(B)de |/(Hnw— Hoya), (37) 


with similar relations for c, d, e. Here Hyp and 
He,9, are the energies of states B and Qy before 
considering their mutual perturbation. According 
to the preceding discussion, the integral H,x in 
Eq. (37) would vanish if it were not for the term 
SpWo(Ilotu) in Eq. (33) for Ys. Hence 


Hasn= 50 | vo(Qu)E¥a(o*e*-on4 3T1o+,)dr 


= Spl q,p. (38) 


If one uses Eqs. (37), (38) and analogous 
equations, he finds Eq. (35) becomes 


¥=Haririsi/(Hi—Heva), (39) 
é 


where 1=B, C, D, E. 

For Is, | y| is about 0.2 according to Table V. 
To see whether this could be reproduced by 
Eq. (39), let us consider the hypothetical case 
YpSp=PreSe=0.4,rcSc=rpSp=0, with Hps—Ha,a, 
=3 ev, Hez—Ho,¢,=6 ev. To obtain | y| =0.2, 
we then require Hoe,r=3.0 ev, which, while 


#8 Cf, R. S. Mulliken, J. Chem. Phys. 7, 20 (1939), Table 
III. The relation D=0.912X105f/» (for D in A?) holds 
ee, the f values given there and the D values desired 

ere. 
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large, might not be impossible. Thus it seems 

ible that the observed intensities of N--Qp 
might be explained by the mechanism discussed. 
Our hypothetical case, however, has had to be 
forced about to the limits of credibility in every 
direction in order to match the observed | y|, so 
that it remains doubtful whether the actual 
N—Qp intensities are really explainable in this 
way. Nevertheless, it is difficult to see what other 
mechanisms than the one here discussed and 
that considered at the beginning of this section 
could be responsible to an important extent for 
the N—-Qp intensities. We may then probably 
conclude that these two mechanisms are the ones 


mainly responsible. 


VII. Mrxep HALOGENS 


In the mixed halogen molecules, e.g. ICI, there 
are two Q complexes and two N-—Q complexes. 
Really, there are also two in the homopolar 
halogens, but the higher energy Q complex is 
43]], and transitions to it from N are rigorously 
forbidden. For ICI, there exist absorption coeffi- 
cient curves for the continua corresponding to 
both the high frequency and the low frequency Q 
complex.’ In both cases, the curve has a single 
maximum, with no definite evidence of shoulders 
to indicate weak subsidiary peaks. It is, there- 
fore, hardly possible to make analyses like those 
of Sections IV and V. 

The long wave-length N—Q ICI continuum is 
accompanied by N-*Q,; and N-Q) bands. 
According to information from Professor W. G. 
Brown, it is likely that N—>Q) is the stronger, and 
so that the observed continuum is mainly 
N-Qp. 2G’D is roughly 86X10-*A?. This interpre- 
tation involves certain difficulties, however, when 
analysis based on Section II is applied. A careful 
remeasurement of the absorption coefficient 
curve, with a foreign gas to suppress band 
structure, and an analysis according to the 
methods used by Gibson, Bayliss, and collabo- 
rators for Cl, and Bre, would be very interesting. 
Such an analysis might help in deciding between 
the two alternative interpretations proposed for 
Br: and I; in the preceding sections. Further 
work on IBr and BrCl would also be interesting. 
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The writer is inclined to interpret the high 
frequency N—@Q continuum of ICI, with =G’D 
roughly 11210-‘A?, as essentially N-+Q). Or 
possibly the transition is not N-Q at all. 


VIII. THe 42250 Bromine ConTINUUM 


In addition to the N--Q spectra, and the 
N-V and other spectra below 2000, bromine 
shows absorption between \2000 and the visible. 
According to Aickin and Bayliss, this is weak 
in the vapor, but is very sensitive to pressure 
and (according to various observers) becomes 
strong in liquid and solution.” According to 
Aickin and Bayliss, the vapor spectrum consists 
of an absorption continuum with maximum near 
\2250A and a total dipole strength ([G’D) about 
0.013 as great as that of the region of the A and B 
peaks, together with possible indications of 
bands. 

There are various possible transitions for 
explaining this absorption (cf. reference 2, Table 
III). Only one such transition is allowed for 
A,S coupling. This is expected to be weak. 
Its upper level is o,?7,x,%0,7, 'Z,+ by MO’s, 
o*x*-o*x* by AO’s, and is expected to be a stable 
level. Transitions to this level might account for 
weak bands. 

Other transitions are allowed only by reason 
of case c effects in 2,w coupling; these go to 
certain 0,*+ and 1, case ¢ states, especially the 
1, states involved in Eq. (22). One or more of 
these transitions may account for the \2250 
continuum. In particular, the upper level of the 
42250 continuum may be the JT *Z,* state,® of 
electron configuration o,7,‘r,‘¢, by MO’s, 
on‘-x4a by AO’s. If this is perturbed by the 'Q 
level in accordance with Eq. (22), a simple 
perturbation calculation shows that the dipole 
strength of the transition N—>T should be about 
0.03 times that of N—'Q. This is in rough agree- 
ment with the observed dipole strength of the 
2250 continuunt. 


See R. G. Aickin and N. S. Bayliss, Trans. Faraday 
Soc. 34, 1371 (1938) for oe vapor data and 
references to earlier work; R. G. Aickin, N. S. Bayliss 


and A. L. G. Rees, Proc. Roy. Soc. A169,4234 (1938) for 


their solution work and for other references. 
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Emden found that for a perfect material gas, the transformations along the isochor, the 
adiabat, the isotherm and the isobar are all forms of the general polytropic transformation 
\=dQ/dT=const. An alternative definition of a polytrope is T= —(dp/p)/(dv/v) =const. 
When radiation energy density and pressure are considered, it is found that \ is a con- 
stant only on the adiabat, and I only on the isobar. A discussion follows concerning the relation 
of these results to certain polytropic distributions of interest in astrophysics. 





I. INTRODUCTION 


MDEN in his book Gaskugeln' has found 

that for a perfect material gas the trans- 
formations along the isochor, adiabat, isotherm 
(which in this case is coincident with the isen- 
ergic) and the isobar are all particular forms of 
the general polytropic transformation 


dQ/dT =a constant, (1a) 


where Q is the heat added to the system of the gas 
and T the temperature. Emden applied his results 
to certain problems in stellar structure. Later 
Eddington? included considerations of radiation 
energy density and pressure. By plausible qualita- 
tive reasoning he showed that the ratio of the 
partial pressures of matter and radiation probably 
remains essentially constant throughout a star. 
From this it follows that* 


(1b) 


pv’ =a constant, 


where I is a constant, p the total pressure and v 
the volume. This is an alternative way of defining 
a polytropic transformation. 

It is the purpose of this note to show that when 
the radiation is considered—as of course it must 
be when one is dealing with stellar interiors—the 
only one of Emden’s transformations which re- 
mains a polytrope is the adiabat, and even this 
does not fulfill condition (15). We will also show 
the relation of Eddington’s results to the 
generalization of Emden’s transformations. 
t+ Emden also found the algebraic signs of the 
elementary changes in heat, entropy, internal 


1R. Emden, Gaskugeln (Leipzig, 1907). 
2A. 7 ao The Internal Constitution of the Stars 
(Cambridge University Press, 1926). 


’ Eddington, reference 2, § 84. 


516 


energy and mechanical work for the various 
transformations. We will show that except for a 
minor effect due to the splitting of the isenergic 
and isotherm these signs and that of the ele. 
mentary temperature change remain unaltered 
by the generalization. 

We will then show the relation between the 
conditions (1a), (1b) and a polytropic distriby- 
tion suggested by Milne which may be realized 
under somewhat more general conditions than 
those assumed by Eddington. 

In the following we consider a unit mass ofthe 
material gas, and we assume that the tempera- 
ture changes are not large enough to affect the 
average molecular weight.‘ Table I contains the 
notation to be used, together with that of 
Eddington and Emden. 

We assume that the material gas obeys the 
perfect gas law, so that 


Bp=RT/v. 

Our fundamental equation is 
dQ=de+ pdr, (2) 
where e=C,T+avT". (3) 


The v appears in the second term on the right 
of (3) because we are dealing with a unit mass of 
the material gas, rather than unit volume. We 
see that 


de=(C,+4avT*)dT+aT ‘dv, (4) 


‘It should be remembered that under stellar conditions 
no polyatomic molecules can exist, and all atoms are highly 
or completely ionized. Our ‘‘molecules” are thus free 
trons and nearly bare nuclei. Changes in the degree of 
ionization of such a gas will not have much effect on the 
average molecular weight. 
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whence 


dQ=(C,+4avT*)dT + (p+aT*)dv. (S) 


The total pressure is 


p=(RT/v)+4aT*. (6) 


It will be of interest to find the differential 
equation of a transformation in the p—v plane. 
We have by definition dQ/dT =); putting this 
and (6) into (5) we find 


RT 4 
MT = (C.+4avT*)dT + (— +221" )ae 
v 


or 


| dT RT 4 
T1C.-r+400T)—+ (—+-0T)do=0 (7) 
U . 


The coefficient of d7/T may be written as 


T 
T(C,—d+4av7*) = (C.— —+40r"| 
L v 





(: mF 2 ap] 
= ae ji _ 
Lo cS R 


1—A 
= »| —0-+12( -#)| (8) 
y-1 


where A=\/C,. The coefficient of dv becomes 


From (5), 


whence 


R 4 RT 
— es r)ar— —dv 


(RT/v) + (4aT*/3) = p(4—38). (9) 


v? 





dT dv 
= p(4—38)—-— pp, (10) 
F v 
dp/p+Bdv/v 
(11) 
4—3,8 


Putting (8), (9) and (11) into (7) and simplifying, 


we find 


dp 
—+{1-A 
——8+12(1-—8) v 


(4— 36)? 





+8} dv 
—=0 (12) 
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or if we let 
(4— 38)? 
= +8, (13) 
1—A 
——8+12(1—8) 
7-1 
then dp/p+Tdv/v=0. (14) 


Under conditions such that I is a constant this 
equation may be integrated at once to give 
pv’ =constant. This is correct for Emden’s con- 
ditions (@=1, \ a constant) and it seems to be 
true to a good approximation for Eddington’s 
conditions. However, it is not generally valid. 

Two other relations which will be useful later 
are obtained from the definition of 8. We have 


Bp=RT/v and (1—6)p=}aT*, 
whence B=3R/(3R+avT") (15) 
=1—aT*/3p. (16) 


All transformations will be referred to the 
p-—v plane, and they will be taken in such a 
direction that dp=0, dv=0. 

Note: One may observe that if in (13) we set 
8=0 then !'=4/3, apparently for all values of \ 
and A. However, it must be remembered that 
all quantities are referred to unit mass of the 
material gas. When 8 is allowed to approach zero, 
we are actually allowing the system to expand to 


TABLE I. Notation used in this paper. 











Tuis ; 
QUANTITY PAPER | EDDINGTON| EMDEN 

Heat added to the system Q g Q 
Entropy n n 
Internal energy € Ev € 
Mechanical work Ww W 
Total pressure p P p 
Specific volume v 1/p v 
Specific heat at constant pressure, 

material gas alone Cy Cp 
Specific heat at constant volume, 

material gas alone Ce Se 
Ratio of specific heats, material 

gas alone ¥ r K 
Gas constant R K/u AH 
Coefficient of dv/v in dp/p+Tdv/v 

=0 r y k 
Absolute temperature 7 T ar 
Ratio dQ/dT r y 
Ratio 4/C, A 
Fractional pressure of material gas} 8 B 
Coefficient in Stefan's law a a 
Order of polytrope = 1/('—1) n n n 
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an infinite volume. This means that the energy 
given by (3) becomes infinite. For each of the 
transformations except the adiabat, A then 
becomes infinite and the term (1—A)8/(y—1) 
appearing in I becomes an indeterminate form. 
The limits of T for 8=0 which are found for the 
various transformations may then be looked 
upon as the results of the evaluation of these 
indeterminate forms. 


II. IsocHor 
Here dv=0, so that 
dQ=de=(C,+4avT7*)dT. (1) 


From I, (6) we see that 


R 4 
ip=(—+-0P ar>o, dT>0. 

v 3 
Then dQ=de>0O and dyn>0. Also since dW= 
—pdv, dW=0. (With this sign convention, W 
represents the mechanical work done on the gas.) 

Since for a constant volume the temperature 

increases, we see in I, (15) that 8 decreases for 
this transformation. From (1), 


\=dQ/dT=C,+4avT* (2) 


and it is obvious that \ is positive and increases. 
With this expression for A, together with I, (15) 
for B it may be shown that the denominator of the 
first term of I’, (I, (13)) vanishes, so that [= ~. 
We see from I, (14) that it must approach + « 
if we approach the isochor from the left. 
Summarizing, for the isochor, we have 


dQ>0 
dn>0 B decreases 
de>0O X increases 
dT>0 T= 
dw=0 ; 


III. ADIABAT 


Here of course d?=dn=0 and ) is also zero. 
Thus the transformation is polytropic according 
to Emden’s definition I, (1a). We now have 


de+pdv=0, (1) 
by I, (2), so that 
de= — pdv >0. 
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Likewise dW >0. From I, (4) we see that when 
dv <0 and de>0O it must be that d7'>0, 

In the expression I, (15) for 8 the fact that 
volume and temperature change in Opposite 
directions makes it impossible to determine the 
direction of change of 8. However, let us form 


d(1/8) = (a/3R)(T*dv+30T°dT) 
= (aT?/3R)(Tdv/dT+3v)dT. (2) 


We already know the sign of d7; it remains to 
find the sign of the quantity, 
y = Tdv/dT +30. (3) 


Referring back to I, (5) we find that for the 
adiabat 


dv C,+4avT® 

iT pat 
C,T+4avT* 

7 pt+aT* 
3C,T 


- —4/3). 
tare /3) (4) 





hence 


y= +3v 





Thus the sign of y depends upon the magnitude 

of the ratio of specific heats of the material gas, 

y. In dealing with stellar interiors we may take 

vy >4/3. Then.y>0, d(1/8) >0 and finally 8 is a 

decreasing function as we move along the adiabat. 
We now consider [. For \=0=A, 


(4—38)*(y—1) 


~ B+12(1—8)(y—1) 
This may be rearranged to the form 


BA 3) +4438) 9-1) 


B(13—12y)+12(y—1) 





The behavior of this function depends markedly 
upon the value of y. However, it is difficult to 
conceive of conditions under which y would 
depart appreciably from 5/3, the value for a 
monatomic gas, unless at the same time the tem- 
perature were so low that we could take B=1. 
With such conditions [=y. In the opposite 
extreme we have no material gas present, and 
B=0. Then '=4/3, the well-known “ratio of 
specific heats” for a pure radiation gas. 
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In problems of stellar structure we may take 
y=5/3; then 


l= (6?+86 —32/3)/(7B—8). (6) 


This is then a monotonic increasing function of 
g such that 4/3 <I’ <5/3. Since we have found 
above that 8 is a decreasing function for the 
adiabatic transformation, T also decreases for 
this transformation. 

Summary for the adiabat: 


dQ=dn=0 B decreases 

de>O A=0 

dT>0 I decreases for conditions hold- 
dw>0 ing in stellar interiors. 


IV. ISENERGIC 
For the isenergic we have from I, (4), 
de=(C,+4avT*)dT+aT*dv=0. (1) 


Since dv <0 we still have dT >0; this indicates 
that in the p—v plane the isenergic lies above the 
isotherm, and this will be borne out by the value 
of I to be found below. It is also evident from 
(1) that when radiation is absent the isenergic 
and isotherm coincide. By I, (2) dQ<0O and 
dn <0. Also dW >0. 
We may write 6 as 


B=3R/(3R+avT*) 
=3R/(3R—C,+¢/T). (2) 


As we move along the isenergic 7 increases, 
therefore «/7 diminishes and 8 increases. 
As to \, we find from (1) and from I, (2), 


\=dQ/dT = — p(C,+4avT*) /aT* 
B+12(y—1)(1—8) 


=-C, , (3) 
38(1—8) 





This function goes to — © for B=0, 1, and has a 
maximum somewhere between these limits. It is 
impractical to determine the value of 8 for the 
maximum except when y = 5/3. Then Amax OCCUrS 
at B=2(4—v2)/7=0.74. 

We now consider T. From (3) above 


_ B+12(y—1)(1—8) 
38(1-8) 
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Then 
7 3Y= AAA +B) +8" 


12(y—1)(1—8)+8 


This function is unity for B=0, 1 and does not 
change rapidly between these limits regardless 
of y. For a more detailed discussion we again 
take y=5/3; then I reduces to 


l= (6°+68—8)/(76—8). (5) 


Numerical values of this function are: 





(4) 


B r B r 
0.0 1.000 0.6 1.062 
0.2 1.024 0.8 1,065 
0.4 1.045 1.0 1.000 


Since I changes so slowly, the polytropic con- 
dition I, (1b) is very nearly satisfied. 
Summary for the isenergic: 


dQ<0 8 increases 
dn <0 \ negative, maximum at 8=0.74 and 
de=0 — «© for B=0, 1. 
dWw>0 I nearly constant, 1. 
dT>0 
V. IsoTHERM 
Here 


dQ=(p+aT*)dv<0 
and dn <0, dW>0; de=aT‘*dv <0. 
B=3R/(3R+avT*) 


is an increasing function. 

Since dT >0 and dQ<0 as we approach the 
isotherm from the isenergic, A>— © on the 
isenergic side, \++ © on the isobar side of the 
isotherm. By I, (13) as \>Fo, I-98, and 
hence I increases. 

Summary for the isotherm: 


dQ<0 8 increases 

dn<0 A=Fo@ 

de<0 I'=8, increases; 0<IT <1. 
dw>0o0 

dT=0 


We note here that for a pure radiation gas, 
the pressure depends only on the temperature, 
and the isotherm and isobar coincide. Thus ! =0 
for 8=0 is consistent with the results of the next 
section. 























VI. IsoBAR 
By I, (9), 


dT dv 
(4-38) =B— <0; .. dT<0. (1) 
v 


By I, (4), de<0; then by I, (2) dQ<0O and 
dy <0. Also, of course dW >0. 


From I, (16) we see that since the temperature 


diminishes for a constant pressure, 8 increases. 
From (1) and I, (5) we find 


dQ pv 
—=)h=C,+4avT*+—_(4—38)’, 2 
dT , aT 6) 2) 


but by I, (15) we may express avT® in terms of 8. 
Also, from the definition of 8, 


Bp=RT/v, 
we see that 


pu/T=R/B. 


When these results are substituted into (2) we 
obtain 


16 12 
A=C,+R —-—-3). (3) 
BB 


This is a monotonic and decreasing function of 8. 

Since 8 is an increasing function for this trans- 

formation, \ is a decreasing function whose 

value lies between the limits of infinity and C,. 
From (3), 


" r 1+ 1) 16 12 3) 
— ae 





B 
and 
1—A 12 16 
yo! BB 
36?+128—16 
= B? % 
Putting this into the expression for I’ we find that 
r=0, (4) 
Summary for the isobar: 
dQ<0 6 increases 
dn<0 d decreases 
de<0 r=0. 
dT<0 


dW>0 
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VII. RELATION TO EDDINGTON’s REsuLts 


Following Eddington* we observe that if we 
eliminate the temperature between the two 
equations 


Bp=RT/v and (1—8)p=}aT* 


we arrive at the expression 


porn SOR OT 
af‘ 


Now from considerations of radiative equilib. 
rium Eddington® concludes that in stellar jp. 
teriors 8 is probably at worst a very slowly 
varying quantity. This makes the right-hand 
member of (1) a constant, and satisfies the cop. 
dition stated in I, (1b) for a polytropic trans. 
formation. If then we differentiate (1) we find 
that 


(1) 


dp/p=(4/3)dv/v=0. (2) 
Now this must be identical with I, (12), which js 


. generally true, so that 


1—A 4 
| «30 / (—s+120-» |te=- (3) 


Rearranging (3) we find that 8 disappears and 
A=h/C,=3(4/3—7). (4) 


Thus condition I, (1a) is also satisfied. 

Eddington® also considers the polytrope for 
which n= © (I'=1) and which he assumes to be 
an isothermal distribution. From our discussions 
of the isenergic and isotherm it is apparent that 
this polytrope is much nearer to the former than 
to the latter. The way in which the temperature 
changes may be seen by integrating I, (12) with 
r'=1; this gives pu=const. From this it is 
obvious that RT+av7*/3=const., or in terms 
of pressure RT+aT‘/3p=const. 


VIII. RELATION TO EMDEN’s POLYTROPES 


We have shown that except for the adiabat 
none of the ordinary transformations remain 
polytropes when the radiation gas is considered. 
In fact, even for the adiabat I is not strictly a 


constant, although its range is small, so that the 


5 Eddington, reference 2, § § 81, 83. 
* Reference 2, § 63. 
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alternative polytropic condition I, (1b), pv" 
=constant is not satified. On the other hand, the 
isenergic very nearly satisfies this last condition 
but except over a narrow range of values of 8, 
\ is not even approximately constant. On the 
isobar I’ is constant (zero) but the isobar is of 
no astrophysical interest. 

As was to have been expected Emden’s ele- 
mentary energy inequalities are unaffected by 
the generalization. It is of more importance to 
find that the order in which the transformations 
occur in the p—v plane is also unaffected. This 
order is determined by the relative values of I, 
and is shown in the table below. The only change 
from the pure material gas is that now the 
isotherm is split off from the isenergic, and in the 
limit of a pure radiation gas it coincides with 


the isobar. 


Transformation path r 
Isochor - 
Adiabat §>r>}4 
Stellar polytrope r 
Isenergic 1 
Isotherm 1>r>0 
Isobar zero 


It is possible to show in another way that when 
the ratio of the partial pressures is constant, the 
transformation is polytropic with [=4/3. We 
have from I, (5), 


h=C,+4avT*+ (p+aT")dv/dT, (1) 
and we see in I, (15) that if 8 is constant then 
v7*=constant. (2) 


Differentiating this last, we find 


dv/dT = —3v/T. (3) 
Substituting (3) into (1) we obtain 
or 

A=h/C,=4—3y. (4) 


If we put this value of A into the general expres- 
sion for I, I, (13) we find that 


r=4/3. (5) 
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Thus each of the alternative conditions for a 
polytrope is satisfied. 


IX. MILNeE’s POLYTROPE 


Milne’ shows that if we allow 8 to vary with 
the temperature according to the relation 


1-8, —(- ) 
Bee in 8.*-° Ze ; 
3R* 1—8, 1 7/(3-«) 
- (1) 
a B.4-* Te 








then 
po(t#)/ (3-2) -| 











Here s is a constant, probably between zero and 
one. 8, and T, are the values of 8 and T which 
occur at the center of the star. Since these 
are fixed for a given star, (1) is a polytrope 
according to I, (ib), with T'=(4—s)/(3—s). If 
we put this value of I into I, (13) we obtain 


1—A 38?—128+16s/3 
y-1 8°(3—s)—B(4—s) 


Except for s=0 this is not independent of 8, 
hence A is not constant and Emden’s polytropic 
condition is not satisfied. 

This is not a serious difficulty, however. As 
Milne points out in his Handbuch article, the 
reason astrophysicists search for polytropic dis- 
tributions is the following: For his perfect ma- 
terial gas Emden derived the condition I, (1b) 
from his definition I, (1a). Then he found a 
certain differential equation connecting the 
density of the stellar material with the gravita- 
tional potential and, indirectly, the temperature. 
The quantity [ appeared in this equation as a 
parameter. Emden then found numerical solu- 
tions of this differential equation for many 
numerical values of T. (Actually of m, where 
r'=1+1/n.) So now, if reasons may be estab- 
lished for believing that the material in a star 
obeys the polytropic condition I, (1b) then even 
though the condition I, (1a) does not hold still 
Emden’s numerical results may be applied. 


7 Milne, Handbuch der Astrophysik, Vol. 3, No. 1, p. 215. 
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A treatment of the magnetic resonance is given for a particle with spin } in a constant field 
Hoand under the action of an arbitrary alternating field with circular frequency w perpendicu- 
lar to Ho. A method of finding a solution, valid at any time, is given which converges the better 
the smaller the deviations from a rotating field or the larger Ho. It is shown that in the lowest 
order correction the shape of the resonance curve is unchanged but that it is shifted by a per- 
centage amount H,*/16 H¢? where H, is the effective amplitude of the oscillating field. This 
also involves a correction in the values of the magnetic moments thus obtained towards 
smaller values which however in all practical cases is negligibly small. 





HE principle of the magnetic resonance has 

been known since considerable time and it 
has already led to several important applications. 
In the outstanding work of Rabi and his col- 
laborators' on molecular beams it has not only 
been used for the most precise determination of 
the magnetic moments of many nuclei but it has 
also revealed entirely new features like the 
quadrupole moment of the. deuteron. Further- 
more, by applying it to polarized neutron beams, 
it has recently allowed Alvarez and one of us? 
a quantitative measurement of the magnetic 
moment of the neutron. 

The basic idea of the magnetic resonance is 
very simple and consists in the remark that in 
causing transitions of the orientation of a 
moment a weak alternating magnetic field is 
particularly effective when its. frequency is in 
resonance with the frequency with which the 
moment precesses in a strong and constant 
perpendicular field. While the special case of a 
weak field rotating around the strong field can 
be easily treated there lies an essentially more 
difficult problem in the mathematical theory of 
a field, for which the polarization is no more 
circular but generally elliptic; this includes the 
case, commonly used, in which the alternating 
field performs a simple linear oscillation. It is 
the purpose of this paper to solve this problem 
by a method of successive approximations which 
converges the better the smaller the eccentricity 
and the greater the ratio of the constant field to 


* Now with the Texas Company, Houston. 
. 1]. I. Rabi, S. Millman, P. Kusch and J. R. Zacharias, 
Phys. Rev. 55, 526 (1939). 

2L. W. Alvarez and F. Bloch, Phys. Rev. 57, 111 (1940). 
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the magnitude of the varying field; we here 
restrict ourselves for convenience to the treat. 
ment of a particle with angular momentum }.** 

Let cy and c_, be the probability amplitudes 
for the z component of the moment to have the 
values m=} and m=-—}, respectively. They 
satisfy the Schroedinger equation 


h ‘ 
——tn = — »» (Hmmm, (1) 


t m/=—} 


where H is the vector of the magnetic field with 
components H,, H,, H., u the magnetic moment 
of the particle and on: a matrix vector the com- 
ponents of which are the spin matrices of Pauli} 
Written out Eq. (1) becomes 


(h/i)és=nl(H.+iH,)c4+H.cy), (2a) 
(h/i)é4=u_(H.—tH,)qy—H.c4). (2b) 


These two equations can be reduced into one for 
the only quantity 


u=C;/C_4, (3) 


which is physically important, since it deter- 
mines directly the probabilities P,,(m=+}) to 
find any one of the two possible values of m in 
the form 


Py=|u|?/(1+|u|*), (4a) 
P4=1/(1+|u|?). (4b) 


** As the unit of the angular momentum we shall through 
out use the quantity h=A/22; h=Planck’s constant. _ 

t With this form of Eq. (1) we have decided that posi 
or negative values of yu, respectively, mean, that & 
orientation of the magnetic moment of the particle s 
parallel or opposite to that of its angular momentum. 
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The equation for u, following from (2) is 
(/ie= 2uH u+u(He+iH,) — u(He—iH,)u*. (S) 


We shall now assume, that H, has the constant 


value 
H.,= Hb. (6) 


The general case of an alternating field with 

circular frequency , perpendicular to it is given 
by 

H,=H, cos (wt+¢)), (7a) 

. H,=H,.cos (wt+ ¢2), (7b) 


where the amplitudes Hi, Hz and the phases 
gi, v2 are left quite arbitrary. We will now in- 
troduce the following convenient abbreviations 


qT; i? tH is 
(Hye**: +1 2e M ipo (Ba) 











4hw 
ei? — iH oeirs 
(he tHe MM palette, (sb) 
4hw 
2wt+Yyitye=r, (9) 
1 2Homu 
1 
4 hw 
1 
ony thalter+ed 
a (11) 
1/a=—[(|fi|?+6*)#—4], 
If: 
p= |fi| (a+1/a) =2(|fil?+6*)!, (12) 
\fife| (13) 


€e= . 
2(|f:|*-+6?)! 
From Eqs. (7) and (8) it also follows that 


2hw 
H,=—[|fi| cos (wt+yi)+ |f2| cos (wt+y2) ], 
m 


2hw 
H=——LAl sin (wt+y1)— |fe| sin (wt+ye2) J, 


so that (2hw/u)|fi,2| and y1, 2 have the sig- 
nificance of being the magnitudes and phases, 
respectively, of two fields, one rotating clock- 
wise, the other rotating counterclockwise, by 
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superposition of which the general alternating 
field (7) can also be formed. In order to facilitate 
the further discussion we shall replace the 
function u of Eq. (5) by a new function z through 
the relation 


ae‘(?-e") +1 /a 
u =e (ott) ; (14) 
1 — ei(e-pr) 





With the above abbreviations it then follows 
from (5) that z has to satisfy the equation 


dz 
a =e{e**[e—ir (1+) —a%eit(\—0) } 4 e-ie[ e—ir(l—p) 
dr 


— (1/a*)e** +) |] — 2[ e'*+-e-* ]}. (15) 


The essential difficulty in solving this equa- 
tion arises from the right-hand side, the im- 
portance of which is measured by the quantitye. 
We see from (13) that it reaches its maximum 
value €max=|fe|/2 for 5=0, i., when the 
frequency w equals the Larmor frequency 
2Hou/h; we write for the value of Ho, for which 
this resonance condition is fulfilled 





H, = hw /2y. (16) 
We have then with (8°) 
\fe| 
° oon OO 
2 
1 [H?+H.?—2HHe sin (gi— ¢2) }! (17) 
16 | H,| 


This vanishes if and only if H,=He and ¢:1= ¢: 
+7/2, i.e., according to (7) if the alternating 
field rotates counterclockwise or clockwise, 
respectively, in the x-y plane, according to 
whether the frequency w is positive or negative 
i.e., whether H, and yw have the same or the 
opposite sign. 

For e=0 we have immediately z=const = pro, 


ae‘?(r—r0) +1 /a 


1 a eip(t—T.) 





u = egi(otty¥,) 


a?+1/a?+2 cos p(r— 70) 
2[1—cos p(r— 79) | 





|u|?= 


and we obtain from Eq. (4°) the familiar 
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in? | Hy} 1 
cian aubciaatie- ay 7 +( H 








H.—H,\?2)3 
) (1) /A] 





— = 


(a+1/a)? 1+6?/|fi|? 


using (8°), (10), (11) and (12) and writing 
T9= 2wtp+yY¥ityve so that t= is the time for 
which the value m=1/2 is found with certainty. 

The rigorous solution of (15) for «+0 cannot 
be. given in terms of elementary functions. We 
want to show, however, that a series expansion of 
the solution in powers of ¢ can be obtained which 
is valid for any value of the argument 7 and 
the few first terms of which give a good approxi- 
mation if «<1. One sees from (17) that to have 
¢ sufficiently small it is not necessary that the 
alternating field deviates only little from a field 
rotating in the x-y plane in the sense, described 
above but that e will be always small for arbi- 
trary given values of Hi, Hz and ¢1, ¢ if only 
|H,| is sufficiently large. In the example of a 
field, oscillating in the x direction (H2=0) it is 
only necessary that its amplitude MH; is sufh- 
ciently small compared to the constant field at 
resonance H,.* 

It would seem at first, that the method of 
successive approximations would immediately 





— 





H.—H,\? 
(C2) 
A, 

————e 
yield a good power series expansion of z in terms 
of «. If, however, one substitutes in the usya 
way the solution of the previous approximation 
in the right-hand side in order to find the next 
approximation by an integral one sees, that al. 
ready in the second approximation there ogcyr 
terms linear in r which for sufficiently large valyes 
of + would seem to make the solution invali¢ 
One has to admit a linear increase of z with ; 
with a coefficient however, which again in each 
approximation will be more accurately deter. 
mined. All other terms can be seen to be oscilla. 
tory in r with amplitudes that are the smaller, 
the smaller «. We thus write 


2=y+Ar, (19) 


where the coefficient \ has to be determined jn 
such a way, that y contains only oscillatory 
terms. With 





a=p—h (20) 


we can then write (15) as an integral equation 


‘for y in the form 


y= —Artef feteLettorr—atetomor] erie tron 1/a*eiGt+er]— 2Le*+e-* |} dr. (21) 


As in (18) we shall determine the one constant of integration for y in such a way that P_, vanishes 
for r=7. For this it is evidently necessary from (4°) that u(ro)= © or from (14) that 2(79)=p(n) 


i.e., with (19) and (20) 


y(70) = ato. (22) 
We shall now write 
y(r) =ato+n (23) 
so that we have the initial condition (7.) =0. If we further introduce 
T=1-—1% (24) 


we obtain for 7 the integral equation 


T 
n= -a»T+ef {enfe-messterr—atgietit-or] 
0 


1 
$e] einetanoe ——eresciteot| Q[etret tT 4 e- ire i? | aT, (25) 


method. 


a? 


* This is incidentally the same condition as the one which guarantees high resolving power of the magnetic resonance 
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(20) 
equation 


t. (21) 


vanishes 
ro) = p(t) 


(22) 
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‘a which the limits of integration are evidently chosen so as to satisfy the required initial condition 
se n(T) that n(0)=0. Using (4°), (14), (19), (23), and (24) one can readily express P_, in terms of 7 
and its conjugate complex * by the formula 


1 cosh [i(n—*)/2]—cos [aT —(n+n*)/2] 26) 
2 cosh k cosh [k+7(n—1*)/2] 





Py 
with 
a=e*. (27) 
In order to obtain for » a power series expansion in € we write 
n=emt+enot+::-, (28a) 
A=eA: + eAo+°::. (28b) 
Substituting in (25) and equating terms with the same power of ¢ on both sides of the equation we 


find for the terms linear in «¢ 


 atettt- orga erent] lar, 


4 a’ 


, 
N r+{ { iro[ e-i(lt+a)T 4 g-i(l—a)T _ Je-iT | _ giro 
n=—Al 
0 


(29) 
e~i(ita)T_ | e-i(l-a@)T_ |] ei(l-a@)T_ 4 1 ei(ita)T_|4 
rer diene + -4e#-1) | +e 7 pan ——-+2(e"-1)} 
ita l—a a’ 1+a 





We have here taken \,=0 since indeed with this choice 9; has only terms which are oscillatory in T 
(or constant) but no terms that increase arbitrarily as T increases. 
For terms quadratic in « we have 


r 1 
nen +i f mfe nef e—i(ita)T _ gi orj—e'n| ateic-or——esornr Lar, 


0 a’* 


T re-t+e)T_ |] e ia a)T_ 4 1 
--art f ——__—__—__ + -_—_— —-— -2(¢e 71) [fareio-or——esarorr lar 
o tL l+a l—a a? 


ei(l-a)T_] 1 ei(it@aT_|4 


r 
-{ | 7 ee + <sinnsaeniiastiicastl +2(¢7=1) [fever —e-so-eoryfar 
. l—a a’ li+a 


T e~i(ite)T_ |] e i(i-a)f ... j 
<n f \|— te) + a at —2(e raat ser evo-oryar 
0 l+a l—a 


T ei(l-@)T_]4 1 ei(lte)T_]{ 1 
tet f {[@— issieiikeaiaaam + ‘linten itemise acai +2(¢7—1) | areie-w 7 ei or far. 
0 l—a a* 1l+a a* 





We first note, that the terms of 2, linear in J are which, in order to vanish require 
of the form 


( a . a ) 31) 
Ao =2 oe . (. 
( _ —)r l—a a’?i+ea 





—de- = —— 


a@i+a 1—a The remaining terms of n2 are again oscillatory 
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(or constant). We shall explicitly write down 
those which are dominant for a1 since they are 
of particular interest for our later purposes. 
They are 


2 
no’ =—[(a*?+1)(e-**7 —1) 


ta 


+(1/a?+1)(e*?—1)]}. (32) 


Proceeding in the same manner one can evi- 








1 
P_,4= 
2 cosh? k 


e 
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dently obtain all further terms in the €XPansions 
(28). We shall, however, break off the €Xpansion 
with the terms quadratic in ¢ which we have 
obtained so far and proceed to calculate those 
corrections in the expression for P_,, which 
arise in this approximation, introducing all those 
further simplifications which are justified from 
the physical angle of the problem. . 

Inserting (28*) in (26) and keeping the linear 
and quadratic terms in ¢ we get 





€ 
—| 1—cos oP —Un+m") sin aT +4(9:— 1*)(1—cos aT) tanh k | 


+5[ mint cos aT — (n2+72*) sin aT —i(n2— n2*)(1—cos aT) tanh k 


1 t 
— atu) —cos aT) tanh? bom) sin a7 tanh el} (33) 


This formula can now be considerably simpli- 
fied for all practical purposes. We notice first 
that through the expressions (29) and (30) for 
m and 72, P_,; contains terms periodic in 70 which 
quantity by Eq. (9) sets the time é at which the 
particle according to our initial conditions is 
sure to be found in a state with m=}3. Since in 
the magnetic resonance method one generally 
deals with a continuous stream of particles one 
will not observe P_, but rather its average over 
7, so that one is justified in replacing the ex- 
pression P_, by its average P_, which one 
obtains by omitting in (33) all terms which 
oscillate with 79. Since 7; and 7:* are of this 
character this means that the terms of (33) 
which are linear in e¢ can be omitted. 

Of the remaining terms quadratic in ¢ we shall 
now for further simplification keep only those 
which become dominant in the limit of high 
frequencies w or, according to (16) for large 
values of the quantity H,. In order to separate 
these terms we have to consider the order of 
magnitude of the quantity a, entering in (29) 
and (30). According to (12), (20), (28°), (31) and 
considering that \;= 0 we see that in our approxi- 
mation a is to be determined from the equation 








2 


a 2 cosh? k 


€ 
1—cos of le tu") sin aT +i(n2’—n2'*)(1—cos aT) tanh k } (34) 


a’® 1 1 
w= 2 (fil? +5))—2e( -——). 
l1—a a’ 1l+a 

Near resonance, where 6 is of the order of 
magnitude of |f;| we see from (11) that a is of 
the order of magnitude of unity. The first term 
of (34) is then of the order of magnitude of |f, 
which, from (8*) is seen to be inversely pro 
portional to w or to H,. Since near resonance ¢is 
of the order of magnitude of |f2| which again is 
inversely proportional to H, we can approxi- 
mately write 


a = 2(|fi|?+6?)!—2e(a?—1/a?*) (35) 
or with (11) and (13) 


5| fo|* 
a=2((fal?+5)1( 1 =). 
Taw 


Thus for large values of H, a approaches zero 
like 1/J7,. While according to (29) 9: approaches 
a finite limit for a— 0 2 approaches the value my’, 
given by Eq. (32) which for small values of « 
(but aT arbitrary!) is proportional to H,. Sine 
é is itself proportional to 1/H,? we obtain P. 
correctly to within terms of the order 1/H, i 
we write instead of (33) 
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or with (32) and (27) 


Asin? aT /2 4 
= [14+“(or—-1/0*)| (37) 
(a+1/a)? 


a 


P_, 


Since this formula is claimed to be correct only 
including correction terms of the order 1/H, we 
can in &/a replace @ by its first term 2(|f:|?+6*)! 
of formula (35). Or with (11) and (13) 


sin? a7/2 25\fe|? 
P_p»=— —| 1+. (38) 
1+6°/|fi\? (fi |? +6? 


This formula can be written in a form, very 
similar to (18) by introducing the “effective” 6, 


defined as 
5*=5—|fe|*. (39) 


We have indeed, except for higher order correc- 
tions in 1/H, which we have neglected anyway 


a=2(| fi|?+6*?)! 


(| f jay.) 
a | fal 2a? 
1 1 [, 


25| fe|* 
2 + | (40b) 
145"/| fl? 1-+82/[fil*L 


and 





fil?+e 
In this approximation we have thus 


sin? (| f;|?+6**)!T 
P_y= ’ (41) 
1+6*?/|f;|? 


which differs from (18) only by the replacement 
of 6 by 6*. This can be written still more con- 
veniently using (8), (10), and (16), introducing 
the “effective’’ quantities 


Hy*=3(HY2+H2?+2HiM sin (¢:— ¢2)}*, (42) 
- : = 
n= _Hi+Hs 2, Fez sin (¢1 #) (43) 
16H,*? 








and writing 7 =2w(t—t) in the form 


Hy,—H,*\?}} 
sin? Hn 1+(———) (t—to)/h 
H,* 


H,—H.*\? 
1+(———) 

which has the same form as the corresponding 
expression in (18) for a rotating field with the 
only difference, that the magnitude Hi; of the 
rotating field and the resonance value H, of the 
constant field Hy have to be replaced by their 
“effective values,” given by (42) and (43). 

In the usual case of an oscillating field in the 


x direction with an amplitude A, one has 


H.=0, 
Hy*=H,/2 and H,*=H,(1—H?/16H,*). 


P_,= ’ (44) 





The magnetic moment of the particle is then, 
according to (16) and except for higher order 
corrections in 1/H,* related with the resonance 
value H,* of the constant field by the equation 


hw HY? 
= (: _ ). (45) 
2H,* 16H,*? 


Although in the determinations of the magnetic 
moments by the magnetic resonance method the 
second term in the bracket of (45) has always 
been neglected we see that the correction, which 
it involves is in all practical cases extremely 
slight. Even in the case, where the ratio of the 
oscillating field amplitude to the constant field 
at resonance is as much as 75 it amounts to less 
than 1 percent and in the cases of high precision 
determinations of magnetic moments, where 
that ratio has been chosen about 1/100 it is 
perfectly negligible. It seemed to us worth while 
to ascertain this fact in view of the importance 
of these determinations. 
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Optical and Magnetic Properties of a Magnetite Suspension 


C. W. HEAPs 
Rice Institute, Houston, Texas 


(Received January 19, 1940) 


A suspension of magnetite powder in oil acts in a limited 
way as a light shutter. When a magnetic field is parallel to 
the light direction more light is transmitted than when the 
light is transverse. Microscopic examination shows that 
the particles form elongated groups. Each particle is 
probably a single magnetic domain, magnetized to satura- 
tion, and hence it attracts neighboring particles. The theory 
of the phenomenon, assuming the groups to be uniform and 
cylindrical, gives an equation for the amount of transmitted 


light in terms of magnetic field strength. This equation js 
subjected to experimental test and is not well verified. The 
magnetization curve of a dense suspension is determined 
experimentally and found to fit the Langevin curve fairly 
well. The group of particles, constituting the magnetic 
element, has an intensity of magnetization considerably less 
than the saturation value, although the individual particles 
are probably single, saturated domains. 





F rouge or Venetian red is strongly heated with 

a Bunsen flame the powder becomes more 
strongly magnetic. A little of this powder, shaken 
up in water or oil and placed in a glass cell, 
shows an increase in transmission of light if a 
magnetic field acts parallel to the light beam. 
Conversely there is a slight decrease of trans- 
mission for a transverse field. A microscopic 
examination of the suspension shows that the 
magnetic particles form small groups or chains. 
These groups when oriented by a magnetic field 
so as to lie parallel to the light beam afford less 
blocking area to the light than when randomly 
oriented. 


THEORY 


Suppose the suspension to consist of N similar 
cylinders contained in a cubical cell of unit 
volume. Let A be the area of the longitudinal 
median plane and E the area of the base of each 
cylinder. Let a magnetic field H and a light beam 
be parallel to the x axis. A cylinder whose axis 
makes an angle @ with the x axis will then cast 
on the yz plane a shadow of area A sin 0+E£ cos 8. 
Let dN be the number of cylinders per unit 
volume whose axes have orientations between @ 
and 6+d6. Then the total area of the shadow 
cast on unit area of the yz plane will be 


s-f (AdN sin 0+ EdN cos 6). 


Here the suspension is assumed to be so dilute 
that superposition of shadows is negligible. 
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The value of dN will be given as jn 
Langevin’s theory of a paramagnetic gas by 
dN =2nCe* © sin 640, where C= Na/(4z sinh a), 
a=yH/kT, »=magnetic moment of a cylinder, 
k=Boltzmann’s constant, 7=absolute tempera- 
ture. The first term of the integral above is not 
easily evaluated when this value of dN is substi- 
tuted and when a is large as in the present case, 
However, an approximately correct result can be 
obtained as follows. 
It can be shown that 


f e* ©°* 8 sin® @d@=sinh a(coth a—1/a)4/a?. (1) 
0 


We now write 


Tr ° 
f e* © 8 sin’ 6d@ = (sin On f e* © 8 sin? 6d8, (2) 
0 0 

where (sin @)4 represents an average value of 
sin 6. The actual average value of sin @ is 
given by 


a/n) f dN sin @. 
0 


Substituting this value for (sin @), and solving 
for the unknown integral we get 


f e* ©°8 8 sin? §d@=(2/a)(2L/a)' sinha, (3) 
0 

where L is the Langevin function, L=cotha 

—1/a. A rough graphical integration of the fune- 

tion for a specific value of a showed that Eq. (3) 

was not greatly in error. 
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The second term in the equation for S is 
easily integrated and the complete expression 


becomes 
S=NA(2L/a)!+NEL. (4) 


The value of a is presumably quite large. For 
a cylinder 2 microns in diameter and 3 microns 
long the value of a at 300°C is of the order 105/7, 
assuming the saturation intensity of magnetiza- 
tion of magnetite to be 450. It is therefore 
possible to approximate and write L=1—1/a. 
In this case we have 


S=NE-—NE/a+NA(2/a)!. (5) 


If Jo =amount of light transmitted by the unit 
cell before the particles are put in we have for 
the amount of light getting through the cell, 
J=1(1—S). Thus 


1/lp=1—-NE+NE/a—NA(2/a)'. (6) 


Let J=1;, when H/ is very large. In practice 
when JI exceeded a few gauss the amount of 
light transmitted was not appreciably increased 
by further increase of /7. Also let /, be the light 
transmitted when this saturation field acts at 
right angles to the light beam. We thus get 
h/lb=1—NE and 1,/lb=1—NA. These equa- 
tions allow the ratio E/A to be determined 
from measurements of light quantities. We may 
also eliminate the structure constants from Eq. 
(6), obtaining 


(i -2)/(lo— 1) = (2/a)*§— (LoL) /(lo— La. (7) 


Unless H7 is small the second term on the 
right side may be neglected. From this equation 
it is possible to determine the magnetic moment 
of the magnetic particle by measuring light 
quantities in a known magnetic field. 

If the Langevin theory applies to these par- 
ticles in suspension we have I/Io=L, where I is 
the intensity of magnetization of the suspension 
and J) is the saturation value of J. Using the 
approximation for L when a is large we have 
1/a=1—I/Io. Substitution of this value in the 
above equation gives J/Iy>=1—r?/2, where 
r=(1\,—1)/(lo—1,). It should thus be possible to 
determine the magnetization curve of the sus- 
pension by measuring light intensities in various 


fields. 
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Fic. 1. Variation of r= (14 —1)/(lo—la) with magnetic field. 
The dotted curve is given by the theory. 





























EXPERIMENTS 


Preliminary experiments. were made _ with 
jeweler’s rouge, strongly heated with a Bunsen 
flame and then stirred up either in water or a 
mixture of light lubricating oil and kerosene. 
Because of the fact that this powder consists of 
a mixture of various oxides in unknown propor- 
tions the rouge was discarded and a fine powder 
made by grinding a small crystal of natural 
magnetite. 

The powder so formed exhibited the Bark- 
hausen effect when the particles were as much as 
20u in diameter, but when further grinding had 
reduced the diameter to about 10u no Bark- 
hausen effect could be detected. It is probable, 
therefore, that each particle of the finer powder 
consisted of a single magnetic domain, mag- 
netized to saturation. (It is possible, of course, 
that grinding a particle containing several 
domains merely decreases the sizes of the do- 
mains without decreasing their number.') Grind- 
ing was continued in an agate mill until the 
average particle diameter was less than Iz. 

When stirred up in light oil the particles stuck 
together and formed groups. Each particle 
seemed to behave in this respect like a tiny 
magnet. The suspension was allowed to stand 
for about half an hour so that the larger groups 
settled out, then the top portion was poured 
into a cubical glass cell. A beam of light made 
approximately parallel by a lens was sent through 
the liquid and allowed to fall on a photronic 
cell. Deflections of the galvanometer used with 
this cell were accurately proportional to light 
intensities. The earth’s field was neutralized by 


! J. Frenkel and J. Dorfman, Nature 126, 274 (1930). 






















































a pair of large Helmholtz coils, and a smaller 
pair was used to produce a magnetic field at the 
cell, either parallel or perpendicular to the light 
beam as desired. The value of r= (1;;—1)/(1o—1,) 
was calculated for various fields, galvanometer 
deflections being taken as the measure of light 
intensity for the various cases. 

Figure 1 shows the results obtained. The 
dotted curve is the graph of the equation 
r=(2/a)!, where a=8900H. This equation, as 
shown above, should represent experimental re- 
sults when a@ is not too small. There is very 
definite disagreement between theory and ex- 
periment. 

The following causes of the discrepancy may 
be considered. 

(1) Superposition of shadows may occur. The 
error caused by such overlapping of shadows of 
the different elements cannot be very large 
because experiments with suspensions of different 
densities gave essentially the same course for 
the curve. For one suspension the light trans- 
mitted by the cell was 73 percent of the incident 
light, for a second suspension, 35 percent. The 
curves for these two suspensions could be made 
to superpose within the limits of error of the 
experiment by multiplying r for one of the 
suspensions by a suitable constant factor. Thus 
we conclude that the average size of groups was 
different for the two specimens but the law of 
variation of light with H was the same. 

(2) The orienting elements are certainly not 
all of the same size, hence the value of u may 

_vary for the different elements. This distribution 
in size of » will not change the way in which r 
varies with H. Let dS; be the shadow cast by 
the small group dN, of the elements with mo- 
ments comprised in the range mu; to ui+dyu:. We 
thus get dS;=dN,E,+dN;A;(2/a)', where the 
approximation is used for L when a is large. 
A similar expression is obtained for all the 
other groups into which the suspension may be 
divided. Summing up the shadows for all the 
groups gives the resulting shadow for the entire 
suspension. Since @;=/1/kT we have 


S= ¥dS,= DdNi E+ (2kT/H)'> dNiA 1/ pat. 
Since /=1)(1—.S), we get as before, 


L/ly= 1— DL EWdNi-— (2kT/H)*>S-dNiA 1/pat 
=1)\/lo—C/H}, 
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Fic. 2. Magnetization curve of magnetite suspension. 


where C is a constant, independent of H. This 
last equation, therefore, gives r= _B/H', where B 
is a constant. Thus it appears that r varies with 
H as indicated by Eq. (7) when a is large. 

(3) The character of the suspension may 
change during the course of the experiment 
because of the settling out of the larger magnetic 
groups. To eliminate this error as far as possible 
the experiment was performed rapidly and the 
various magnetic fields were chosen in random 
order. 

Since the theory does not agree with the 
experimental results we cannot use the equation 
I/Ip=1—r*/2 for determining the magnetization 
curve of the suspension. To get this curve an 
apparatus similar to that used by Elmore? was 
set up. In this arrangement the presence of a 
test-tube of the fluid in a pick-up coil causes an 
inductive kick of a galvanometer connected to 
the coil when a magnetic field is applied. How- 
ever, with a galvanometer of high sensitivity and 
a pick-up coil of 10,000 turns having cross- 
sectional area of 6.9 cm? the intensity of mag- 
netization of the suspension was too weak to 
produce a measurable effect. 

A more dense suspension of the magnetite 
powder was therefore made up and its mag- 
netization curve determined. This suspension 
was so dense as to be absolutely opaque to light. 
Before each observation of the galvanometer 
deflection, produced by a given field, the tube of 
material was vigorously stirred. The various 
fields were applied with the same interval of 
elapsed time after the stirring, and random order- 
ing of the various field strengths was used in 
getting the curve. 


2 W. C. Elmore, Phys. Rev. 54, 1092 (1938). 
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The points plotted on Fig. 2 represent the 
experimental results; the curve drawn is the 
graph of G=GoL, where Go= 1.03, and the value 
of a in the Langevin function L is set equal to 
25H. Here G and Go represent galvanometer 
deflections, which are proportional to intensities 
of magnetization. It appears that the Langevin 
function represents the experimental results 
within the limits of experimental error. How- 
ever the value of » determined from these results 
is smaller than might be expected. Since u/kT'= 25 
and T=300°K we get »=1.0X10-". The mag- 
netic elements range in diameter from 1 to 10 
microns. If the average is taken as 5 microns the 
intensity of magnetization of the element is 
approximately 0.015. For a large magnetite 
crystal the saturation intensity of magnetization® 
is about 450. 

It is interesting to note that the value of u» for 
the less dense suspension used in the light 
experiment may be considerably larger. If we 
take a=8900H, the value appropriate to the 
dotted curve of Fig. 1, we get n=3.6X10-". The 
magnetic elements were decidedly smaller in this 
suspension because the larger groups were 
allowed to settle out. Thus the intensity of 
magnetization of an element may here approach 
more nearly the value for the material in bulk. 

Previous workers in this field have used 
colloidal solutions where the particles are much 
smaller than in the present case. Elmore,’ using 
a magnetite colloid, found a discrepancy between 
the experimental curve and the Langevin curve, 
but he was able to explain the discrepancy by 


‘ assuming a distribution in size of the particle 


moments. He also found a value of J) which was 
smaller than the value computed from the 
colloid concentration and intensity of magnetiza- 
tion of the magnetite in bulk. Elmore suggests 
as the most likely explanation of the latter 


*P. Weiss and R. Forrer, Ann. de physique 12, 330 
(1929). 





discrepancy the presence of nonferromagnetic 
oxides of iron in his colloid, and states that it is 
fair to conclude that the small particles of his 
solution are not demagnetized in the macro- 
scopic sense. 

In the present experiments with larger particles 
we can still conclude that each particle is a 
single domain magnetized to saturation. The 
groups formed in the suspension constitute the 
magnetic element for which u is determined. To 
explain the low value of u in the dense suspension 
we assume each group to contain a sufficient 
number of particles, arranged in a sufficiently 
random manner, so that the average intensity of 
magnetization of the group falls considerably 
below that of the individual particles. The group 
retains a constant moment in the magnetic 
field because this field, though capable of orient- 
ing the group as a whole against the weak forces 
of viscosity, is unable to turn the separate 
particles out of the equilibrium positions which 
they assume in their own intense local fields. 

There is certainly a rather wide distribution 
of w values for the groups in this experiment. 
It is therefore not clear why the Langevin curve 
should be followed so much more accurately in 
the present experiment than in Elmore’s experi- 
ment with colloids. As a matter of fact, close 
inspection of Fig. 2 gives some evidence of a 
slight departure in the direction indicated by 
Elmore’s experiment. Such a departure, however, 
is almost masked by experimental error. 

As regards the transmission of light through 
these suspensions we must conclude that the 
theory as given above contains approximations or 
simplifications which are too crude to allow good 
agreement with experimental results. A more 
accurate theory, which allows for the presence 
of spherical groups, or which considers diffraction 
effects, would give an equation somewhat dif- 
ferent from Eq. (7). However, such an equation 
still fails to give the correct law of variation of 
light with magnetic field. 
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The Dispersion of Supersonic Waves in Cylindrical Rods of Polycrystalline Silver 
’ 


Nickel, and Magnesium* 





SipNEY K. SHEART AND ALFRED B. FOCKE 


Department of Physics, Brown University, Providence, Rhode Island 


The velocities of elastic waves in polycrystalline rods of 
silver, nickel, and magnesium were measured at supersonic 
frequencies ranging from 120 to 750 kc. This was done by 
mounting the rods in a horizontal position so that one end 
was supported by a loop of silk thread and the other end 
passed through a diaphragm into a special box which was 
filled with transformer oil and which contained the quartz 
crystal source of supersound. Lycopodium powder scat- 
tered along the rod formed wave patterns when the rod was 
vibrating resonantly and hence wave-lengths could be 


(Received June 23, 1939) 


measured directly. The products of these wave-lengths and 
the corresponding frequencies as read on the wave meter 
yield the required velocities. The dispersion theory of Giebe 
and Blechschmidt was tested by calculating theoretical 
curves for four of the six rods and comparing these with 
the corresponding experimental curves. The theory is found 
adequate to account satisfactorily only for the low fre. 
quency dispersion. One reason for its failure in other re. 
spects is discussed. 








INTRODUCTION 


HE work of Giebe, Scheibe, Blechschmidt, 

Rodhrich and Schoeneck during the last ten 
years has shown that the velocity of propagation 
of elastic waves through a homogeneous solid 
medium ceases to be constant if the frequency 
of these waves is increased sufficiently. Dis- 
persion of longitudinal waves occurs in the 
frequency range where the wave-length is com- 
parable to the transverse dimensions of the 
specimen. This dispersion has been demonstrated 
and measured quantitatively by Giebe and 
Scheibe for quartz rods,' Giebe and Blechschmidt 
for tubes, rods, and bars of nickel and nickel 
alloys,? Réhrich for cylindrical rods of copper, 
aluminum, brass, glass, and steel,’ and by 
Schoeneck for cylindrical rods of polycrystal- 
line zinc and single-crystalline zinc, cadmium, 
and tin.‘ 

Long before any means were available to test 
it experimentally, Lord Rayleigh developed a 
formula which predicted dispersion of longi- 
tudinal waves in solid rods at supersonic fre- 
quencies. In every instance the work that has 
been done to date has yielded a dispersion much 


* Part of the dissertation presented by the first-named 
author for the degree of Doctor of Philosophy at Brown 
University. 

+t Now at Muskingum College, New Concord, Ohio. 

1 E. Giebe and A. Scheibe, Ann. d. Physik (5) 9, 93 and 
137 (1931). 

2 E. Giebe and E. Blechschmidt, Ann. d. Physik (5) 18, 
417 and 457 (1933). 

3K. Rohrich, Zeits f. Physik 73, 813 (1932). 

4H. Schoeneck, Zeits f. Physik 92, 390 (1934). 
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larger than expected on the basis of this formula. 
In 1933 Giebe and Blechschmidt published a 
new theory of supersonic dispersion in solid 
tubes, rods, and rectangular bars. In general 
they found that their theory satisfactorily ac. 
counted for their experimental results. Schoeneck, 
however, found that whereas the new theory 
agreed more closely with his results than did 
the Rayleigh formula, the calculated and experi- 
mental curves were not in good agreement 
beyond 300 kc. 

The present investigation was undertaken with 
the following objectives: to obtain absolute 
measurements of the velocities at supersonic 
frequencies of elastic waves in rods of poly- 
crystalline silver, nickel, and magnesium; to 
study the dispersion of these waves and to 
compare the experimental results with the theory 
of Giebe and Blechschmidt. 


SUPERSONIC DISPERSION THEORY 


Here we are concerned just with that part of 
the Giebe and Blechschmidt dispersion theory 
which pertains to circular cylindrical rods. Ac- 
cording to this theory, which treats longitudinal 
vibrations only, such a rod is viewed as composed 
of two separate mechanical systems each of 
which possesses a characteristic set of resonant 
frequencies independent of the set belonging to 
the other. When the rod is set into vibration, 
the resonant frequencies found experimentally 
are considered to arise as the result of coupling 
between the two oscillating mechanical systems. 














Fy 









gths and 
ve meter 
of Giebe 
eoretical 
lese with 
y is found 

low fre. 
other re. 


ormula. 
ished a 
in solid 
general 
rily ac- 
10eneck, 
' theory 
han did 
1 experi- 
‘reement 


ken with 
absolute 
|personic 
of poly- 
sium; to 
and to 
1e theory 


RY 


t part of 
n theory 
rods. Ac- 
gitudinal 


resonant 
onging to 
vibration, 
imentally 
’ coupling 
| systems. 





The fundamental equation of the theory is: 
(Fe —F*)(F2—-F)=¢F*, (1) 


where F represents the set of characteristic 
frequencies of the coupled system, F, and F, 
represent the sets of characteristic frequencies of 
the two component systems (considered sepa- 
rately) and q is a constant. In the case of 
cylindrical rods it is reasonable to take for the 
oct F, the harmonics in the direction of its axis 
of a very long straight rod of infinitesimal cross- 
sectional area, viz., the well-known set given by : 


bfe=(k/2x)(E/p)', (k=1,2,3,-+*) 


(f. is the fundamental; E=Young’s modulus; 
p=density ; x=length of rod) and for the set F2 
the radial vibrations of a circular disk of in- 
finitesimal thickness. The set of these radial 
vibrations is given by the following expression : 


: 
“-" p(1—p?) 


where r is the radius of the rod, uw is Poisson's 
ratio and the ¢’s are the roots of the equation: 


Si (O+wI WE) =O, 


where J; is the Bessel function of the first order. 
Furthermore, it is assumed that practically all 
of the coupling between the two systems occurs 
between the whole set of axial vibrations on the 
one hand and the lowest member of the infinite 
set of radial vibrations on the other. 

One of the most striking conclusions of this 
theoretical method is the prediction not of just 
one, but two independent sets of physically real 
characteristic frequencies for longitudinal vibra- 
tions. To date there is very slight evidence of 
the actual existence of the ‘‘second”’ series in the 
case of cylindrical rods, but nothing comparable 











with the complete experimental verification 
—_>——_— —----+ 
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Fic. 1. Diagram*ofjthe crystal Cc 
circuit. 7 
Z 
—_>——_—_—_. 











DISPERSION OF SUPERSONIC WAVES 
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_ Fic. 2. Two sections of the crystal holder. S, stand-off 
insulators; H, high potential lead; C, quartz crystal; R, 
steel ring; B, brass cylinder. 




















Giebe and Blechschmidt obtained for tubes, 
where an analogous situation exists and many 
members of both series were found. 

Of equal physical interest is the prediction of 
a so-called ‘‘dead zone’’—i.e., a frequency region 
within which it is impossible to excite the rod 
into longitudinal vibration. This prediction was 
substantiated by Giebe and Blechschmidt in the 
case of tubes, but so far it has not been verified 
for cylindrical rods. Upon examining the theory 
to find out just how the ‘‘dead zone” arises out 
of it, we discover that it is conditioned precisely 
by the simplifying assumption mentioned above 
that the only truly operative radial frequency is 
the fundamental.® If this restriction is removed, 
the “dead zone” vanishes. It will be seen that 
the present work agrees with all that has 
previously been published in exhibiting experi- 
mental points that fall within this supposedly 
forbidden region. Thus the suspicion grows that 
the “dead zone”’ really does not exist for solid 
cylindrical rods. 


APPARATUS 


The frequency source was a simple Hartley 
oscillator containing a Taylor Type T-40 power 
tube. Both capacity and inductance were vari- 
able; the available capacity ran from about 60 
to 2400 uuf and the maximum inductance was 
about one millihenry. The oscillator covered the 
frequency range from about 120 kc to 850 kc 
with a maximum power output of 50 watts. 

To obtain the high voltages and fairly large 


5 It should be noted here that in the case of tubes, the 


radial series F; contains only one member. 
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power required to drive the quartz crystal so 
that it would radiate supersonic energy strongly 
outside its resonant frequencies, a tuned circuit 
which contained the crystal was coupled in- 
ductively to the oscillator output. This simple 
resonant circuit is shown in Fig. 1. The variable 
condenser C had a maximum capacity of 50 uf 
and was built to withstand 12,000 volts. LZ repre- 
sents either of two large variable coils. One of 
these had an inductance of approximately 3.8 
millihenries and was used for the lower half of 
the frequency range. The other had an inductance 
of about one millihenry and covered the higher 
frequency range. 

The quartz crystal was obtained from the 
American Optical Company. It was X-cut, of 
dimensions (5X50X50) mm*. A thin layer of 
silver was evaporated onto each of the large 
square faces and thickened with a layer of 
copper by electroplating. Enough of the double 
layer was removed to expose a border five 
millimeters wide around the edge of each 
square face. 

The crystal holder was designed so that the 
rod which was to be studied could be mounted 
horizontally (a condition made necessary by the 
use of lycopodium powder along the rod to 
form standing wave patterns). It consisted of a 
box with supports inside for the crystal and a 
diaphragm in the front wall through which one 
end of the horizontal rod projected. Fig. 2 
shows diagrams of two sections of the holder. 

The box itself was made of }” steel plate and 
had outside dimensions (13 X 136.3) cm*. The 
square front wall had a hole 13” in diameter 
cut out at its center. The box was deliberately 
large to prevent any possibility of sparking from 
the high potential face of the crystal (or the 
lead to it) to the walls. 

In order to support the crystal and to keep it 
away from the walls and bottom, four stand-off 
insulators were mounted inside the box. A brass 
cylinder about 4 cm in diameter and 2.5 cm long 
was mounted with its axis through the center of 
the rear box wall; one end of this cylinder 
provided a firm wall against which the quartz 
crystal was held by the pressure of the high 
potential lead. This lead was in the form of a 
plane two-pronged fork made of radio bus bar. 

A ring, cut out of }” steel plate, of inner 
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diameter the same (12’’) as that of the hole ig 
the front wall of the box and outer diamet, 
about ?” greater, could be screwed very tightly 
to the outside of the front wall. A sheet ¢ 
Goodrich Koroseal (0.007” thick) was 
between the ring and the wall by pressure ¢ 
the ring. 

The holder was filled with transformer oj tp 
serve the threefold purpose of protecting th 
crystal from shattering, providing a suitabh 
conductor of the supersonic radiation from th 
crystal face to the end of the test rod and pp. 
venting sparking at high voltage. 

All frequency measurements were made with, 
Type 224 wave meter. 

Although many substances have been use 
successfully by other experimenters in form; 
standing wave patterns along solid rods, in th 
present study lycopodium powder was found tp 
be most satisfactory. 




















PROCEDURE 






In order to secure maximum freedom of motig, 
of the lycopodium powder the cylindrical mg 
to be studied was freed of any grease or dirt 
its surface by washing it with ordinary soap and 
very hot water. It was thoroughly dried ag 
handled by means of paper towels to prevent 
contact of the hands. One end was carefully 
inserted in a hole at the center of the diaphragm 
and the other end was supported by a loop d 
silk thread. Then transformer oil was poured intp 
the crystal holder and a layer of lycopodium 
powder scattered uniformly along the upper 
surface of the test rod. 

The procedure adopted to obtain a singk 
measurement was standard for all region 
throughout the entire frequency range and my 
be described as follows. L and C (Fig. 1) an 
the oscillator tank capacity were adjusted untl 
the frequency desired was obtained with: 
reading on the crystal milliammeter (A in Fig.}) 
of about 50. The surface of the rod was carefully 
observed while the frequency was continuous} 
varied—slowly and in such a direction that tk 
crystal current increased—by altering the ost 
lator capacity. If activity in the rod was & 
denced at any time during the process by t 
shifting or falling off of groups of lycopodius 
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_ 3. Dispersion curves for the larger magnesium rod. 
= 14.98 cm. Mean diameter: 5.895 mm. L and F 
e the longitudinal and flexural branches, respec- 
tively. The full line denotes the Giebe and Blechschmidt 


theoretical curve. 


spores, the frequency was allowed to remain 
fixed and the ‘‘free’’ end of the rod agitated 
either by a simple electromagnetic hammer or 
by the end of a wooden rule held in the hand. 
If a clear wave pattern formed, it was measured 
with a steel rule supported by small pillars at 
each end. If the pattern could not be brought 
out well, the rod was powdered again and the 
frequency variation was continued until a meas- 
urable pattern could be produced. 

In order to conduct the run in a systematic 
fashion, the oscillator was adjusted at the start 
to yield its lowest frequency and as the run 
proceeded the frequency was increased by steps 
until the upper limit was reached. Reference to 
the dispersion curve obtained by plotting the 
measurements usually indicated the desirability 
of further examination at a few frequencies and 
the run was completed by making additional 
measurements in the neighborhoods of these 
frequencies. 


RESULTS AND CONCLUSIONS 


Qualitatively, the findings of Réhrich and 
Schoeneck were corroborated throughout, both 
with respect to the phenomena which were 
observed during the taking of readings and the 
general appearance of the dispersion curves. 

The taking of readings, as both these investi- 
gators found, was not a rapid task nor so easy 
as one might have expected. It was almost 
always made difficult by the fact that a pure 
elastic vibration of one type—viz., longitudinal, 
torsional, or flexural—cannot be elicited with 
complete exclusion of both of the other two 


SUPERSONIC 


WAVES 








400 
KILOCYCLES 


Fic. 4. Dispersion curves for the smaller magnesium rod. 
Length: 16.42 cm. Mean diameter: 4.615 mm. L and F 
denote the longitudinal and flexural branches, respectively. 
be» full line denotes the Giebe and Blechschmidt theoreti- 
cal curve. 


types. This resulted in the simultaneous appear- 
ance of parts of two or three wave patterns and 
the superposition of these frequently made any 
measurement impossible. Thus a clear pattern 
could be formed only when a vibration of one 
of the three kinds was excited much more 
strongly than the other two. In such cases, 
indeed, it was often possible to make a wave- 
length measurement whose error did not exceed 
1 percent. In this connection, it was found in the 
case of all the rods that it was practically im- 
possible to excite anything but flexural vibrations 
at frequencies below a certain value—about 
250 ke for the silver rods and about 350 ke for 
the nickel and magnesium rods. Above these 
values longitudinal and torsional vibrations were 
much more readily excited than flexural. 

The various curious phenomena described by 
Roéhrich appeared at times. The most frequently 
recurring of these was the simultaneous forma- 
tion of two patterns representing two different 
types of vibration; both in the same region on 
the rod, one on each side of a line in the upper 
surface parallel to the axis of the rod. Not 
infrequently a clear pattern formed which had 
so large a spacing between successive heaps of 
powder that the only reasonable assumption was 
that it represented a vibration whose whole 
wave-length was denoted by the interval instead 
of its half-wave-length; that is, it would seem 
as if for some reason the heaps at the alternate 
nodes had been shaken off. Once in a while the 
long narrow heaps were inclined obliquely to the 
axis of the rod instead of being formed at right 
angles to it as they ought to have been. Occa- 
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Fic. 5. Dispersion curves for the smaller silver rod. 


denote the longitudinal, torsional, and flexural branches, 
respectively. The full line denotes the Giebe and Blech- 
schmidt theoretical curve. 


sionally, also, eddies formed; little clusters of 
lycopodium spores at certain spots along the rod 
‘whirled about points near their centers, but had 
no translational motion as a whole. 

The general appearance of the curves plotted 
for an entire run of any rod is essentially the 
same for all the rods (cf., for example, Fig. 6) 
and is similar to that of the curves obtained by 
Réhrich and Schoeneck. Typically this is as 
follows. Three branches are present, representing 
longitudinal, torsional, and flexural velocities, 
respectively. The longitudinal branch starts 
(experimentally) at middle frequencies (250 kc 
to 350 kc) and falls quite rapidly; it always lies 
higher than the other two branches and if the 
low frequency end of it is extrapolated back to 
audible frequencies a value is reached, invariably 
somewhat higher than the audible velocity given 
in standard tables. The torsional branch starts 
at about the same place as the longitudinal, 
always lies below it and usually runs nearly 
parallel to it. The flexural branch starts at low 
(supersonic) frequencies, always lies far below 
the other two branches at the beginning and 
slowly rises as the frequency increases. Finally, 
the indication in every instance is that at high 
frequencies all three branches tend to approach 
a common value. 

Giebe and Blechschmidt theoretical curves 
were computed for four of the six rods and these 
are drawn on the same graphs with the experi- 
mental curves. This was done by solving equation 
(1) for F*? with the quadratic formula and by 
choosing the root which has the negative sign in 
front of the radical. The quantities x and r were 
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Length: 25.78 cm. Mean diameter: 4.057 mm. L, T, and F 
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obtained from the rod itself by measuring ts 
length and radius, respectively. Values haq to 
be assumed for Poisson's ratio (u) and for the 
audible velocity of axial waves. Then the Values 
of g and ¢ corresponding to the assumed Value of 
m were taken from the table in Giebe 
Blechschmidt’s article (cf. footnote 2 above), 

Certain special comments pertaining to the 
individual rods are in order. 





Magnesium 





The two rods studied were of pure magnesiym 
obtained in the form of sticks and turned down 
on the lathe. The graph for the larger rod 
(see Fig. 3) shows: (a) well-defined flexural ang 
longitudinal branches but only a single poi, 
that presumably represents a torsional velocity: 
(b) the agreement with the theoretical curye jg 
good out to 490 kc; (c) experimental points jg 
the theoretical “‘dead zone’’; (d) two points a 
high frequency which cannot be accounted fo 
by the theory in its present form. In the artic 
referred to above, Giebe and Blechschmidt mep. 
tion finding similar anomalous points in and 
beyond the ‘‘dead zone.” 

The graph for the smaller rod (see Fig, 4) 
shows: (a) a greater ‘‘spread”’ of the longitudinal 
points than is found for any of the other fiye 
rods; (this probably results in part from the 
fact that this rod is so light that the ordinary 
agitation required to bring out a good way 
pattern caused enough of the lycopodium layer 
to be displaced so that frequently only smal 
chains of nodes could be measured) ; (b) only on 
presumably torsional point; (c) smaller dis 
persion for a given frequency than the othe 
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Fic. 6. Dispersion curves for the smaller nickel mt 
Length: 25.45 cm. Mean diameter: 5.500 mm. L, T, asdf 
denote the longitudinal, torsional, and flexural 
respectively. The full line denotes the Giebe and Blt 
schmidt theoretical curve. 
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magnesium rod displays; (d) good agreement 
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dispersion for a given frequency than occurs for 


s had to between the theoretical curve and the most the other nickel rod (whose graph is not shown) ; 
d for the reasonable experimental curve out to 610 kc. (b) good agreement with the theoretical curve 
he values The theoretical curves for the magnesium rods_ out to 530 kc; (c) experimental points in the 
d value of were calculated with 4=0.25 and Vo=velocity theoretical “dead zone’’; (d) one unaccountable 
riebe and at low audible frequencies = 4900 m/sec. point at high frequency like the two in Fig. 3. 


bove), 
1g to the 


Silver 

The two rods studied were of hard drawn 
silver, pure to within one part in two thousand. 
The graph for the smaller silver rod (see Fig. 5) 
shows: (a) fairly good agreement with the theo- 


The theoretical curve was calculated with 
u=0.30 and Vo=4980 m/sec. 

To summarize, it is seen that the agreement 
between the experimental results and the Giebe 
and Blechschmidt theory is quite good out 


almost to the “‘cut-off’’—i.e., the frequency at 





agnesi 
ad dows retical curve out to 400 kc, although the experi- which the so-called ‘‘dead zone’’ begins. Never- 
arger rod mental curve has a change of curvature, whereas _ theless, there is no evidence whatsoever for the 
‘xural and the theoretical one cannot have a change of existence of such a region and nothing more 
igle point curvature; (b) experimental points in the theo- than material for speculation about the presence 
| velocity; retical ‘dead zone’’; (c) no evidence of ‘second of anomalous dispersion. It seems clear that the 
il curve js series” velocities; (d) less dispersion for a given theory in its present state is able to account 
points in frequency than occurs for the other silver rod _ satisfactorily only for the low frequency dis- 
points at (whose graph is not shown). The theoretical persion. In the opinion of the authors, further 
yunted for curve was calculated with 4=0.39 and V»=2700 development of the theory is called for, starting 
the article m/sec. with the removal of the simplifying assumption 
midt men. discussed above. 
ts in and Nickel We wish to express our sincere thanks to 
The two rods studied were of commercial Professor R. B. Lindsay for suggesting the 
ee Fig. 4) nickel, about 99 percent pure. The graph for the problem and for his help throughout the in- 
ngitudinal smaller nickel rod (see Fig. 6) shows: (a) less vestigation. 
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Single crystals of a copper-gold alloy containing 24.92 atomic percent gold were prepared 
in a vacuum furnace. The crystals were brought to the ordered state at room temperature by 
an annealing procedure similar to that described by Sykes and Evans. The elastic moduli were 
measured by the method of the composite piezoelectric oscillator. The elastic moduli are 
tabulated as a function of temperature over the range 20°C to 450°C. At the critical tempera- 
ture, 387.5°C, there is a discontinuity in each modulus-vs.-temperature curve. The results 
indicate that the elastic constants are closely related to the degree of local order. 


INTRODUCTION 


superlattice formation near simple stoichiometric 
concentrations.' In the copper-gold system, 
ordered superstructures are observed near the 


'F. C. Nix and W. Shockley, Rev. Mod. Phys. 10, 1 
(1938). G. Borelius, Zeits. {. Electrochem. 45, 16 (1939). 


N recent years there has been an increasing 
interest in binary alloy systems which exhibit 


* Westinghouse Research Fellow. 
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Fic. 1. Cross-section diagram of the vacuum furnace used 
to prepare the single crystals. 


concentrations Cus;Au and CuAu, below 390° 
and 430°C, respectively. Many physical proper- 
ties of CusAu have been studied, the electrical 
resistivity, the specific heat, and the crystal 
structure by x-ray methods, most intensively. 
The elastic constants of Cu;Au single crystals 
were measured in the ordered, partially ordered, 
and disordered states by Goens,’ the actual 
measurements being made at room temperature. 
Other such measurements were made by Rd6hl* 
and by Sachs and Weerts,‘ but in no case was the 
complete curve of elastic constants vs. tem- 
perature, and hence order, obtained. Recently, 
Koster® gave a curve of Young’s modulus vs. 
temperature for polycrystalline CusAu. None of 
these workers followed the annealing procedure 


which Sykes and Evans® showed to be necessary . 


2E. Goens, J. Weerts and Stenzel, Zeits. f. Instru- 
mentenk. 53, 242 (1933). 

*H. Rohl, Zeits. f. Physik 69, 309 (1931). 

4G. Sachs and J. Weerts, Zeits. f. Physik 67, 507 (1931). 

5 W. Késter, Discussion on paper by Borelius, reference 


"6 C. Sykes and H. Evans, J. Inst. Metals 58, 255 (1936). 
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to produce the equilibrium degree of order in the 
lattice. 

In a completely ordered CusAu lattice there ; is 
a maximum number of nearest neighbor pairs of 
the type Cu-Au. As disorder increases with jp. 
creasing temperature, the number of Cu-Au Pairs 
diminishes, while the number of like pairs, Cy- Cu 
and Au-Au, increases. The success of Fuchs? jp 
calculating the elastic constants of Na and Cy 
made it evident that a careful investigation of 
the variation with temperature of the elastic 
constants of CusAu would be of interest. For the 
calculations are based in part on nearest neighbor 
interactions, and in alloys exhibiting the order. 
disorder transformation, it is possible to vary the 
relative numbers of the different nearest neighbor 
pairs simply by varying the temperature, and 
hence the degree of order of the lattice. CusAy 
was chosen because its properties have been 
studied extensively, both theoretically and ex. 
perimentally. Furthermore, its structure is cubic 
below and above the critical temperature T,, 
387.5°C, and the latter is low enough so that 
measurements may be made above it without 
too many experimental difficulties. 


PREPARATION OF THE CRYSTALS 


An ingot of the alloy was made up by melting 
weighed amounts of Cu and Au, both better 
than 99.99 percent pure, in a vacuum induction 
furnace. This ingot was homogenized by a vacuum 


‘anneal of 100 hours at 800°C. Chemical analysis 


of specimens from different portions of the ingot 
agreed to better than 0.1 percent and gave a 
composition of 24.92 atomic percent Au. This 
ingot was cast into rods several inches long and 
0.180” diameter ; these formed the material from 
which the single crystals were prepared. Graphite 
crucibles were used in all melting procedures, and 
spectrographic examination of the original ma- 
terials and the final crystals showed no con- 
tamination during any of the melts. 

The vacuum furnace used to prepare the single 
crystals is similar to that described by Nix‘ 
Fig. 1 is a scale drawing of the furnace proper. 
The main improvement in the present design is 
the pumping system, which makes it possible to 


7K. Fuchs, Proc. Roy. Soc. A151, 585 (1935); A153, 622 


(1936); A157, 444 (1936). 
8F.C. Nix, Rev. Sci. Inst. 9, 426 (1938). 
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ELASTIC MODULI OF Cu;Au 


maintain a pressure lower than 10-° mm of Hg 
even when the melt is at 1200°C. A four-inch 
glass-metal oil diffusion pump? is attached di- 
rectly under the funnel shaped member at the 
bottom of the furnace. This pump is backed by 
a reservoir of 15 liters capacity, and forevacuum 
maintained by a Megavac pump. Gas is emitted 
from the melt in bursts rather than steadily, and 
the reservoir serves to maintain at all times a 
forevacuum pressure low enough to prevent the 
main diffusion pump from stalling. Pressure in 
the furnace is measured by an ion gauge and by 
a thermocouple gauge in parallel. The indicating 
instrument for the latter is a sensitive relay,’ 
and if the furnace pressure increases above 10~* 
mm of Hg the furnace and diffusion pump power 
is cut off. The temperature of the crucible is 
measured by sighting on it with an optical 
pyrometer through a plate glass window in the 
top of the furnace. This window is protected by 
a shutter when temperature measurements are 


not being made. 


3" 


The crucible has three holes 53” long and ;% 
diameter carefully reamed in it. The lower end 
is closed with a plug which may be unscrewed for 


the removal of the crystals. The crystals are 
grown by first melting the alloy with the crucible 
in the central uniform temperature region of the 
furnace, and then lowering the crucible at the 
rate of 3 inches per hour through the temperature 
gradient which exists near the lower end of the 
heating coil. When the rods are solid the furnace 
temperature is reduced to 900°C, the rods brought 
back to the central region of the furnace, and 
there homogenized for four hours. After this 
anneal they are allowed to cool slowly to room 
temperature during the next 24 hours. Several 
rods thus prepared were analyzed for possible 
segregation by determining the chemical com- 
position of sections cut from the top and bottom 
ends. In no case did the segregation exceed 0.1 
atomic percent. 

The rods are etched electrolytically in a 10 
percent KCN solution, agitated by a stream of 
air bubbles. Visual observation reveals whether 
the rods are single crystals. About 75 percent of 
the specimens thus prepared were suitable for 


further work on them. 


9 Manufactured by Distillation Products, Inc. 
* Weston Sensitrol Relay, Model 705. 


DETERMINATION OF ORIENTATION 


The orientation of the cylinder axis of a 
crystal rod with respect to the principal axes of 
the lattice is determined by the back-reflection 
Laue method devised by Greninger." The crystal 
is set up with its axis coplanar with, and per- 
pendicular to, the x-ray beam. A set of four 
pictures is taken, with 90° rotations of the 
cylinder about its own axis between successive 
exposures. Each film furnishes the direction 
cosines of a line, the x-ray beam, perpendicular 
to the cylinder axis of the crystal. From these 
direction cosines four values of the cylinder axis 
direction are obtained by taking the vector cross 
product of any two mutually perpendicular x-ray 
beams. From these four values a mean is cal- 
culated. The precision of the orientation is 
estimated at 20’ by the deviations of the mean 
from the individual values. 


HEAT TREATMENT OF THE CRYSTALS 


Various investigators have shown that the 
properties of Cu;Au below the critical tem- 
perature depend on the rate of cooling from 450°C 
to room temperature. The thermal treatment 
necessary to produce the best possible degree of 
order has been established in a careful research 
by Sykes and Evans‘ and their recommendations 
were followed here. 

Five single crystal rods, of the best orientation 
for the contemplated elastic constant work, were 
chosen. These rods, protected by loosely fitting 
glass sleeves, were placed in holes in a massive 
copper block. A sixth crystal, provided with four 
leads by means of which resistivity measure- 
ments could be made, was placed in a hole closely 
adjacent to the others, and to a thermocouple 
by means of which the temperature of the 
crystals could be measured. The whole assembly 
was mounted in a quartz tube furnace which can 
be evacuated. 

The resistivity of the sixth crystal was used as 
an indication of the progress of the heat treat- 
ment in producing an ordered structure. The tem- 
perature was first raised to 450°, maintained there 
for one day, and then slowly reduced, resistance 
measurements being made as cooling progressed. 
At 400°C, the cooling was arrested for several 
hours. The resistance very soon reached a final 

" A. B. Greninger, Zeits. f. Krist. A91, 424 (1935). 
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Fic. 2. The variation of the 
specific resistance of Cu;Au 
with temperature when cooled 
from 450°C as described in the 
— text. The closed circles are 
points taken from the data of 
Sykes and Evans. 








hh ae a. 
steady value. The temperature was lowered in 
steps of 1°, with similar arrests, and similar 
behavior of the resistance, until the critical 
temperature was reached. At this temperature 
the resistance was not single-valued, but de- 
creased with time, until the final steady value 
was reached after about 50 hours. The tem- 
perature was then further reduced in steps of 1°, 
with 5 hour arrests at each temperature, to 380°. 
From 380° to 350° the cooling rate was 1° per 
hour, from 350° to 250° the rate was 4° per hour, 
and from 250° to 20° the rate was 15° per hour. 
Fig. 2 shows the curve of resistance vs. tem- 
perature obtained during the progress of cooling ; 
comparison may be made with the lowest values 
of resistance obtained by Sykes and Evans, 
shown as solid circles. 


MEASUREMENT OF ELASTIC CONSTANTS 
A dynamical method is used which has been 
described completely in previous papers."* Longi- 


2, Balamuth, Phys. Rev. 45, 715 (1934); F. C. Rose, 
Phys. Rev. 49, 50 (1936). 


400 


tudinal or torsional vibrations are set up in the 
crystal cylinders by means of suitably cut crys- 
stalline quartz rods. A quartz rod is cemented 
to a metal crystal with a thin layer of Insulate 
No. 1 cement.'* The two rods are held together 
under slight pressure for 24 hours at 65°C while 
the cement dries. Subsequently it is possible to 
heat the composite oscillator to 450°C, and 
bring it back to 20°, several times without 
damage. Four composite oscillators, two longi- 
tudinal and two torsional, are mounted at once 
in the furnace. The oscillators are supported, at 
nodes of vibration, in small annular knife edges 
made of lava. These knife edges are hung from 
a structure made of fused silica tubes so that the 
four oscillators are radially symmetric about the 
axis of the furnace, and about a Chromel P 2s. 
Alumel thermocouple placed there. The leads to 
the piezoelectric quartz rods are brought out of 
the furnace through the tubes used as supports, 
and the entire furnace can be evacuated. Four 


13 Qbtainable from Fisher Scientific Company, Pitts- 
burgh, Pennsylvania. 
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elastic measurements can be carried out simul- 
taneously during a single run, and the identity 
of the thermal history of the four specimens is 
thus assured. These data provide sufficient in- 
formation for the calculation of the three inde- 


pendent elastic moduli, and for one check on 


these calculations. 

The furnace used in these temperature runs is 
the same as that used for annealing the speci- 
mens. The winding on it is tapered to produce a 
uniform temperature region at the center. Tests 
showed that the temperature over the central 
10 cm of the furnace does not vary by as much 
as 1° in air. With specimens no longer than 7 cm, 
the gradient in the specimen is probably con- 
siderably less than that. 

The furnace temperature can be maintained at 
any desired value to +0.1° for several days. The 
controlling element is a thermocouple placed 
closely adjacent to the windings of the furnace. 
The e.m.f. of this couple is balanced by a Type K 
potentiometer ; the difference in e.m.f. between 
the desired temperature and the winding tem- 
perature actuates a Type R galvanometer whose 
sensitivity is 20 cm/°C. The light spot reflected 
from this galvanometer falls on either of two 
photo-cells, which control the furnace current 
through an electronic relay circuit. If the furnace 
winding is too hot, cell 1 is illuminated, reducing 
the furnace current by about 10 percent. When 
the winding cools down slightly, cell 2 is illu- 
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minated and the current increased by about 7 
percent of its normal value. 

The furnace winding temperature oscillates 
with an amplitude of +0.1°C, and a period of 1 
minute. The temperature of the interior of the 
furnace, as measured by the central couple near 
the specimens does not vary by as much as 0.01°. 
However, slow drifts in the working battery for 
the potentiometer make the variations as large 
as 0.1°C if the apparatus is left unattended for 
several days. 

In one run, four rods are mounted in the 
furnace and measurements of the longitudinal 
resonance frequencies are made on two, and of 
the torsional frequencies on the remaining two 
at various temperatures. The procedure is to 
bring the furnace to the desired temperature, 
maintain it there for one hour, and then make 
frequency measurements. If no change in fre- 
quency occurs during the next hour, the tem- 
perature is raised to a new value, and the pro- 
cedure repeated. Points are taken at 40° inter- 
vals up to 250°, and more closely together at 
higher temperatures. From 380° to the critical 
temperature points are taken 1° apart. At the 
critical temperature, T., it is found that holding 
the temperature steady does not soon yield a 
constant frequency, independent of time. 

At this temperature the frequencies of the 
crystals decrease slowly with time, attaining a 
final steady value only after about 50 hours. 


TABLE I. Elastic properties of CusAu at various temperatures. 











THERMAL 
ELastic Mopu tt (107 cm?/pyNE) Exastic CONSTANTS (10" pyNE/cM?) EXPANSION 
T*C Su Sie Su Cu—-Cw Cu 1/k AL/La 
20 1.344 —0.565 1.508 5.238 6.631 1.558 0x10-3 
100 1.380 .583 1.545 5.094 6.472 1.558 1.28 
200 1.436 .610 1.593 4.888 6.277 1.543 2.92 
250 1.468 .625 1.619 4.778 6.177 1.529 3.80 
300 1.512 .646 1.657 4.634 6.035 1.515 4.72 
325 1.548 .664 1.678 4.521 5.959 1.515 5.22 
350 1.590 .684 1.699 4.398 5.886 1.502 5.79 
360 1.613 .694 1.709 4.335 5.851 1.481 6.08 
370 1.638 .706 1.719 4.266 5.817 1.475 6.47 
380 1.666 .718 1.730 4.195 5.780 1.449 7.10 
385 1.693 .730 1.738 4.127 5.754 1.431 7.63 
387.5 } T 1.714 .738 1.750 4.078 5.714 1.401 7.73 
FD ie 1.948 .852 1.787 3.571 5.596 1.366 7.73 
390 1.958 .856 1.790 3.554 5.587 1.366 7.80 
395 1.970 .863 1.797 3.530 5.565 1.366 7.90 
400 1.981 .868 1.802 3.510 5.549 1.361 7.99 
410 2.001 .878 1.813 3.473 5.516 1.361 8.20 
420 2.021 .888 1.822 3.438 5.488 1.361 8.39 
450 2.073 912 1.850 3.350 5.405 1.339 8.98 
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Fic. 3. The variation of the 
principal adiabatic elastic 
Sas moduli of CusAu with tem. 

perature. 
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When this lowest value at 7. is reached, indicat- 
ing that some abrupt disordering process has 
gone to completion at that temperature, the 
furnace is heated, in steps of 2°, to 400°; from 
there to 450° readings are taken at intervals of 
10°. The temperature is then reduced, and the 
reverse procedure to that described above is 
followed. The same type of behavior is observed 
in the neighborhood of 7.., and after the ordering 
process on the cooling curve has been completed, 
the curve reproduces the heating curve within 
the precision of the measurements. 

Such a run yields values of the longitudinal 
and torsional resonance frequencies of the 











400 








crystals. Young’s and the rigidity moduli ata 
temperature 7 are related to these frequencies 
by the equations 










7 6°n “] 
(1 


E=ApsoLe'rf (FA)p4 
= P20l-20 LIT ‘. Lao? 





and 





G=4p2L20° rfr*(L20/L7). Q) 


In these, px and Loo are the density, ad 
lengths, respectively, at 20°C; xfr and sfra 
the fundamental longitudinal and torsional fe 
quencies at temperature 7. The term in the[! 
of Eq. (1) is a correction due to the lated 
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motion ; here @ is the average Poisson's ratio, 
estimated from approximate values of the elastic 
moduli; » is the number of half-waves in the 
metal crystal ; and a is the radius of the crystals. 
The whole correction is very nearly unity. 

The term (L20/Lr) is a correction, also nearly 
unity, arising from thermal expansion. No quan- 
titative values of the thermal expansion can be 
found in the literature,"* so this property of a 
single crystal of CusAu was measured in a fused 
quartz dilatometer. The results for AL/Leo are 
tabulated in the last column of Table I. Since the 
material is cubic, it is assumed that the expan- 
sion is isotropic. The furnace used in the 
expansion measurements was not temperature 
controlled, and hence the data between 350° 
‘and T, are probably not the equilibrium values. 
Very likely there is a discontinuity in length at 
T,. which does not appear here. 


RESULTS 


The principal elastic moduli Sy1, Si2, and S44 are 
related to E and G by the equations 


1/E=S$,,—2ST . (3) 


4G. Grube, et al., Zeits. f. anorg. allgem. Chemie 201, 
41 (1931) give only qualitative curves, but no absolute 
values. 


and 
2S°( —41?+3,x) 
1/G=Su4+4ST — ’ 
Si,;—2ST 





where 
P= aif +h? +7%0%, 
S= Su-Sr- 5 Sus. 


The direction cosines of the cylinder axis with 
respect to the principal crystalline axes are a, 
B, ¥. 

Five crystals in all were run. The values of I 
for these are 0.0014, 0.1237, 0.2089, 0.2521, and 
0.3110. Four of these—the first, second, third, 
and fifth—were measured during one run. The 
fourth was measured during a subsequent run. 
It was found to be consistent with the first four, 
and hence data from this crystal were included 
in the final calculations. 

For each crystal, smooth curves of 1/E or 
1/G were plotted against temperature. From 
these curves, values were picked off at the tem- 
perature tabulated in the first column of Table I. 
At each of these temperatures the best set of 
values of Si, Si2, and Sq was calculated by the 
method of least squares from the five available 
data. These values are tabulated in the second, 
third, and fourth columns of Table I. The results 
are also exhibited graphically in the curves of 


x =a°f*y?, 





Fic. 4. The decrease in the 
elastic constants (Ci:— (C1) 





| ! T 





and C4, due to increasing dis- 
order, plotted against the 
temperature. 
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Fig. 3. The precision of these results is estimated 
at ? percent, by the deviation of the individual 
observed values of 1/E and 1/G from those cal- 
culated with the aid of the least square values 
of Sj. 

From the elastic moduli Si;, Siz, and S4a, 
another independent set of constants more useful 
theoretically may be calculated. These are two 
shear constants 


(Cir— Ciz) = 1/(S1r— Siz), 
Cu= 1/Sas 


and the reciprocal of the compressibility, 


These appear in the fifth, sixth, and seventh 
columns of Table I. Since the quantity (Si1+ 252) 
is obtained by subtracting two nearly equal 
quantities, the values of 1/k do not have as high 
a precision as the other constants. For errors of 
4 percent in Si; and Sj if additive, would 
produce an error in 1/k of 7 percent. 

The temperature during these runs was 
measured with a Chromel P-Alumel thermo- 
couple calibrated against melting ice, boiling 
water, and the freezing points of Sn, Pb, and Zn. 
The absolute values of the temperature are good 
to 2°. 


DISCUSSION OF THE RESULTS 


The elastic moduli plotted in the curves of 
Fig. 3 vary with temperature because of two 
effects. First there is the nearly linear variation 
which is observed in most pure metals, and which 
is here exhibited by the linear portions of the 
curves, up to about 200°. Secondly, the moduli 
vary because of the increasingly rapid disap- 
pearance of order above 250°, as may be inferred 
from the increasing curvature and slope above 
that temperature. At the critical temperature the 
abrupt discontinuity is due to a sudden large 
decrease in local order, and the disappearance of 
long range order. The large slope and downward 
curvature above 7, indicate that some order 
still persists there, however. 

These conclusions are more evident from the 
curves of Fig. 4. These curves were obtained in 
the following way. The data for (C1:—Ci2) and 
Cu, were plotted against temperature, a straight 
line through the points up to 200° was drawn 
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and extrapolated to 450°. The differences between 


the actual observed values and these straight 
lines are plotted against temperature in Fig. 4 
If it is assumed that the extrapolated straight 
lines represent the effect on the elastic constants 
of the temperature variation alone, if no order- 
disorder phenomenon took place, then these 
difference curves represent the effect of the 
disordering process alone in decreasing (C;,—C,,) 
and C4, below their room temperature values, 
The most successful theories of the order- 
disorder phenomenon are those of Bethe," and 
Peierls,'® based on the concept of order of 
neighbors. The short range order parameter ¢, 
in the case of Cu3Au, is a measure of how well on 
the average each Cu atom is surrounded by Ay 


nearest neighbors. If fcuau is the fraction of. 


nearest neighbor pairs of the Cu-Au type actually 
existing in any state of the crystal, and if ft. 
and frandom are the values of this fraction in the 
perfectly ordered and random states, then we 
define 


c= (fouau = Seenten) | (fen = random): 


If the curves of Fig. 4 are compared with the 
theoretical curve'’ for o vs. T, it will be observed 
that they are quite similar in form. It seems 
reasonable to assume that the shear elastic 
constants (Ci:— C12) and C4, are relatively simple 
functions of o. 

Fuchs’ calculated the elastic constants of Na 
and Cu, and obtained good agreement with the 
experimental values.'* The shear constants were 
determined by calculating the energy changes 
accompanying pure shears. In such a deformation 
the volume change is zero. The calculations are 
based on classical electrostatic theory; the 
quantum mechanical exchange interactions due 
to the overlapping of the ion cores, which occurs 
in both Cu and Au, are included as repulsive 
terms in the electrostatic interaction. The shear 
constants depend mainly on the charges and 
degree of overlap of the ions of the lattice, 
according to this picture. 

For the case of Cu, the relative contributions 
of the electrostatic and overlapping energies to 


6H. A. Bethe, Proc. Roy. Soc. A150, 552 (1935). 

1% R, Peierls, Proc. Roy. Soc. A154, 207 (1936). 

17 E.g., Fig. 3b in reference 16. 

18 Cu: E. Goens, Physik. Zeits. 37 321 (1936); Na:S. & 
Quimby and S. Siegel, Phys. Rev. 54, 293 (1938). 
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TABLE II. Elastic constants of copper. 


ELASTIC MODULI 























Cu—-Ci Cu 

—Flectrostatic 5.7 26 

Overlap 45 63 

Total 51 89 

Exp. 51 82 
= — _ 


the shear constants are shown in Table II, taken 
from a paper by Shockley.” 

We may examine the results on CusAu in the 
light of the above remarks. In this alloy, both 
ions have the same charge. It is probable, how- 
ever, that the overlap energies of the three 
possible types of nearest neighbor pairs, CuCu, 
AuAu and CuAu, are different because of dif- 
ferences in the electron distributions in the Cu 
and Au ion cores. In the transition from the 
ordered to the disordered state, fouau goes from 
its maximum value to its value for a random 
solid solution. This redistribution in the relative 
numbers of the different kinds of pairs of atoms 
will not affect the contribution to the elastic 
constants arising from the pure electrostatic 
interaction, since the charge on each ion is the 
same for both Cu and Au. The disordering process 
mav, however, affect appreciably the ionic 
overlap contribution, since this does depend on 
the type of nearest neighbor pair. On this basis 
it seems reasonable to expect that the shear 
constants depend on the degree of order of the 
lattice. 

The constants (Ci:— Ciz) and C44, reported in 
Table I, do in fact depend in an anomalous way 
on temperature, and have an abrupt discon- 
tinuity at 7., where there is a discontinuity in o. 
The change in (Ci:—Ci2) is of the order 20 
percent, the change in Cy, about 5 percent. 
From Table II it will be observed that the overlap 
contribution, which depends on ¢, is more im- 
portant in the case of (Ci;— Ci2) than in Cy. The 
experimental results thus confirm two of the 
ideas furnished by the theory—first that the 
shear constants depend on the degree of order, 
and second that the effect is more marked on 
(Cu—Ciz) than on Cay. 

The third independent elastic constant, 1/k, 
is determined from calculations on a pure dila- 


* W. Shockley, J. App. Phys. 10, 543 (1939). 
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tation. In such a deformation there is a change in 
volume, but no relative change in position of the 
ions. The total energy of the solid is calculated 
as a function of volume, and the compressibility 
computed from the second derivative with 
respect to volume of this energy. The total 
energy also depends in part on the ionic overlap, 
so that here also a dependence of 1/k on degree 
of order might be expected. An examination of 
the seventh column of Table I, where 1/k is 
reported for different temperatures reveals that 
there is a dependence of 1/k on order, with a 
small discontinuity at T.. However, the entire 
variation of 1/k here observed is only twice the 
possible error in this quantity, and it is therefore 
difficult to draw any conclusions on this point 
from the experimental results. 


BEHAVIOR IN THE NEIGHBORHOOD OF 7, 


In Table I, and the curves of Figs. 3 and 4 the 
critical temperature is given as 387.5°C. This is 
the value found on the heating curve; on cooling 
the discontinuity in elastic constants occurs at 
a slightly lower temperature, approximately 2° 
less. Actually, then, two vertical lines should 
appear on the curves of Figs. 3 and 4 at T., but 
on the scale on which these are plotted, the 
hysteresis curve does not show up. 

Since the time required for the traversal of 
the vertical parts of the curve, about 50 hours, 
is nearly the same on either heating or cooling, 
it seems difficult to associate it with a time 
required to get rid of antiphase boundaries 
between domains of local order. It may perhaps 
be a quantity more closely associated with rates 
of diffusion. 

A more exhaustive examination of the behavior 
in the neighborhood of T. is now being carried 
out. The elastic constants and the resistivity are 
being measured simultaneously in the same 
furnace. It is hoped that some information con- 
cerning the kinetics of the order-disorder trans- 
formation will be obtained. 

It is a pleasure to thank Dr. E. U. Condon for 
his interest in and support of this work, Dr. R. O. 
Haxby for aid in designing the control circuit, 
and various members of the Westinghouse 
Research Laboratories for chemical analysis. 
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Nuclear Fission of Separated Uranium Isotopes* 


Small quantities of the uranium isotopes have been iso- 
lated by means of a mass spectrometer similar to several 
employed by one of us! for the measurement of relative 
abundance of isotopes. In the present apparatus U ions 
are produced by sending a beam of electrons (~10~ amp.) 
through a slit in one end of a hollow Nichrome box contain- 
ing a small piece of solid UBry. The box (1.2 X 1.2 X1.8 cm) 
was heated to a temperature of several hundred degrees 
centigrade by a heater wrapped around it. This tempera- 
ture was sufficient to give a vapor pressure of UBr, in the 
box estimated to be 10-* mm. Positive ions formed by 
collisions of the electrons with the vapor molecules were 
drawn out of the box through a slit (13 X0.35 mm) in one 
side. The ions were given an energy of approximately 1000 
volts in passing between the box and a slit (also 0.35 mm 
wide) in a plate 8 mm from the box. The ions traveled in a 
semi-circular analyzer tube having a radius of 17.8 cm, the 
entire mass spectrometer tube being mounted between the 
poles of a large electromagnet. 

The U*™* ions were collected on an insulated Nichrome 
plate (2X15 mm) and the current was measured with an 
electrometer tube. The U** ions were collected on a 
grounded plate also made of Nichrome. The resolution was 
such that the U** background in the 235 and 241 positions 
was less than 3 percent of the U*** peak height. The resolu- 
tion was not sufficient to separate U™ from U™*, 

Two separate runs were made. In the first of these, the 
U*8 ion current averaged 2 10~* amp. for a period of 10 
hours, and in the second 3.4 X10-* amp. for 11 hours. This 
corresponded to U™* deposits of 1.7 X 10-7 g and 2.9 X 107" g, 
respectively, provided all the ions stuck. The corresponding 
U5 deposits would be 1/139 of these amounts. 

The fission of the separated uranium isotopes has been 
tested by placing the samples in an ionization chamber 
connected to a linear amplifier system, and bombarding 
with neutrons from the Columbia cyclotron which had been 
slowed down in paraffin. 

With high neutron intensities there is always a residual 
“fission background” in an ionization chamber, presumably 
due to the presence of very small amounts of uranium or 
other elements which produce fission. This background sets 
a lower limit to the amounts of uranium which can be used 
for fission tests, regardless of the neutron intensity. By 
careful construction and cleaning this background was 
reduced to 0.15+0.02 fission/minute, which corresponds 
to an amount of uranium which would give about 1 alpha- 


particle per hour. 
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The results of the tests are shown in the following table 
The background has been subtracted. ; 









ISOTOPE FISSIONS/Manuyy 
| a 0.01+0 
i tianinetenkiweeegae Us 0 $0 0.05 
tad sauiatapn sna -d +£0.04 
Run Ux 0.814019 






The rate of fission per microgram of U™* observed above 
is in good quantitative agreement with the number ob. 
tained under the same experimental conditions from un- 
separated samples of uranium containing the norm, 
percentage of U**, When the ion chamber containing the 
U** sample was surrounded with Cd to absorb the thermal 
neutrons, the number of fissions observed was less than 01 
per minute. The quantity of U** was too small to demon. 
strate with certainty that it produces fast neutron fissions, 

Tests of the backs of the sample strips gave no fissions 
above background within the limits of error, indicating 
that the general uranium contamination was probably very 
small, if any. 

These results strongly support the view that U™® jg the 
isotope responsible for slow neutron fission, as predicted on 
theoretical grounds by Bohr arid Wheeler.” On this basis, 
the cross section for U™* fission by slow neutrons would be 
about 400 to 500X10-* cm*. These experiments cannot 
exclude U** completely, however, for it was also deposited 
on the U** strips. Since U™ is present to only 1 part in 
17,000, it is hardly likely that it can be responsible. 

These experiments emphasize the importance of uranium 
isotope separation on a larger scale for the investigation of 
chain reaction possibilities in uranium. 

The UBr, used in these experiments was some given to 
one of us (A. O. N.) several years ago by Professor G. P. 
Baxter of the Harvard Chemistry Department and wa 
the same material used in the measurement of the uranium 
isotope abundances. 


































ALFRED O, Niger 





Department of Physics, 
University of Minnesota, 
Minneapolis, Minnesota, 






E. T. Boors 
J. R. Dunwine 
A. V. Grosse 





Department of Physics, 
olumbia University, 
New York, New York, 
March 3, 1940. 


* Publication assisted by the Ernest Kempton Adams Fund fer 
Physical Research of Columbia University. 

1A. O. Nier, Phys. Rev. 52, 933 (1937): 53, 282 (1938); 55, 150 (1939). 

2N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 and 1065 (199). 
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LETTERS TO THE EDITOR 


On the Calculation of the Thermal Diffusion Constant 
from Viscosity Data 


Ina recent issue of this journal a letter! appeared in which 
the value of the thermal diffusion constant? a for various 
gases was computed from the experimentally determined 
variation of viscosity with temperature. The method of 
computation was to assume that all of the molecules in 
nteract with a force which varies as the inverse 


question i . : : 
f the distance. If the viscosity varies as 7", then 


sth power 0! 
sis given by the relation® 


s=(2n+3)/(2n—1). (1) 


The experimental fact that does vary with the tempera- 
ture indicates that the assumption of an inverse power law 
of force is only an approximation to the actual situation. 
The number s having been determined from viscosity data 
by Eq. (1), the value of a was then computed from the 


equation 

105 m2—m s—5 (2) 

“118 me+m, s—1 gs 

This relation is rather questionable, however. It was 
apparently obtained by noting that for the limiting case in 
which the lighter molecule is rare, and in which the mass of 
the lighter molecule is negligible in comparison with the 
mass of the heavier molecule, the value of @ is given by 
}(s—5)/(s—1), and then assuming that the expression 
(s—5)/(s—1) should be a suitable correction factor to 
apply to the value of a as determined? for the case of 
isotopes with s= ©. In the case of isotopes, however, the 
masses are in general nearly equal, so that it is preferable to 
use an expression valid for an inverse power field in this 
limiting case. 

Let the lighter isotope be termed species 1, and the 
heavier, species 2. We assume that the interactions between 
two molecules of species 1, between two of species 2, and 
between one molecule of species 1 and one of species 2, are 
all identical, and are of the form Kr~*, We may now expand 
the expression for a given by Enskog* and by Chapman’ ® 
in ascending powers of (m2:—m,)/(m2_+m,). In the notation 
of reference 6, we find for the first term of this expansion,’ 


a= (45/2) {(ma—m,)/(m2+m))}- 
{22(1,2)—52(1,1) } {152(1,1)+22(2,2)} 


(2,2) {1650(1,1) —602(1,2)+122(1,3)+162(2,2)}’ 


where the Q(/,n)’s are as defined by (26’’) and (27”) of 
reference 6. This expression for a is homogeneous and of 
order zero in the Q’s, so that if we wish we may multiply 
simultaneously all of the 2’s by any expression whatever 
that does not depend on / or m. One of the simple choices 
consistent with this possibility and with (26’’) is 


O(1,1)—1, 

2(1,2)->3—2/(s—1), 

(1,3) {3—2/(s—1)} {4—2/(s—1)}, 
2(2,2)—»3 {I2(s)/Ii(s) } {3 —2/(s—1)} =3f(s), 


where J,(s) and J2(s) are functions of s defined by certain 
definite integrals; they have been evaluated* for the 
following values of s: 2, 3, 5, 7, 9, 11, 15, and . 

The substitution of (4) in (3) yields: 


(3) 





(4) 


TABLE I. Values of C(s) and f(s) for various values of s. 








f(s) C(s) 


1.500 0.714 
0.800* 

1.2918 0.8156 
0.831* 

1.2335 

1.1957 





0.8431 
0.852* 
0.8629 
0.874* 
0.8823 
0.894* 
0.898* 
0.902* 
0.9064 
1. 


1.1631 


1.1248 
1. 








* Obtained by graphical interpolation. 


—m, s—5 
so -———- Cs), 5 
“118 Me+m, s—1 ts) (S) 
where C(s) is the correction factor to be applied to the 
formula (2) used by Brown: 


: oo (15/f)+6 
~ 21 434+16{ f—1/(s—1)+1/(s—1)3} 


This function, as well as f(s), is tabulated in Table I. The 
values indicated by an asterisk were obtained by graphical 
interpolation from the remaining values. 

The correction factor C(s) should be applied to the values 
of Rr=a(s)/a() tabulated by Brown.' For the only case 
in which comparison with experiment is possible—that of 
methane*—the experimental value of Rr is 0.29+0.03; the 
value obtained by Brown from (2) is 0.46, and the corrected 
value (5) is 0.39. The difference between (5) and (2) is not 
sufficient to invalidate any of the qualitative arguments 
presented by Brown. 

The derivation of (6) of course depends not only on the 
assumption of an inverse power field, but also on the use of 
classical theory for the collision processes. Dimensional 
arguments indicate that, for s considerably larger than two, 
the wave-mechanical collision cross sections will be practi- 
cally the same as the classical if the de Broglie wave-length 
is very small compared with the effective molecular 
diameter. For thermal energies the ratio X/d is very 
roughly equal to 0.2m~4, where m is the molecular weight. 

Equation (5) indicates that, within the limitation of the 
assumptions used in its derivation, the constant a is 
independent of the temperature. 





C(s) (6) 


R. CLARK JONES 

Research Laboratory of Physics, t 

Harvard University, W. H. Furry 

Cambridge, Massachusetts, 
February 20, 1940. 


1 Harrison Brown, Phys. Rev. 57, 242(L) (1940). 

(isa) H. Furry, R. Clark Jones, and L. Onsager, Phys. Rev: 55, 1083 
a § H. ay Dynamical Theory of Gases, fourth edition (Cambridge, 

‘D. Enskog, Doctoral Dissertation, Upsala (1917). 

*S. Chapman and W. Hainsworth, Phil. Mag. 48, 593 (1924). 

*S. Chapman, Phil. Mag. 7, 1 (1929). 

? This expression was obtained from Eqs. (9) to (16) and (24”) to 
(27”) of Chapman, reference 6. In making this derivation it is essential 
to note that according to our assumption about the identical character 
of the forces one has (2y:2)~Qi1(0,m) = (21) 9Qe0(l,m) = Qis(l,n) = Q(1,n). 
We have received a private communication from essor H. M. Mott- 
Smith (University of Illinois) containing a formula equivalent to (3) 
which he obtained from the formulation of Enskog, reference 4. 

’S. Chapman, Memoirs and Proc. of the Manchester Lit. and Phil. 
Soc. 66, No. 1 (1922). 

*A. O. Nier, Phys. Rev. 56, 1009 (1939). 
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The Spontaneous Disintegration of the Neutral 
Mesotron (Neutretto) 


From the scattering experiments of Tuve, Heydenburg 
and Hafstad! it is known that the forces between two 
protons seem to be equal to those between a proton and a 
neutron. In order to account for this fact Yukawa et al.? 
and Kemmer® have extended the mesotron theory of the 
nuclear forces and have postulated the existence of a 
neutral particle which has the same rest mass and other 
properties similar to those of the mesotron. Thus a neutral 
mesotron or neutretto (denoted by Y°) can be emitted and 
absorbed by a proton (P) or neutron (JN) as indicated by 
the equations: 

P2P+Y°; NeN+F’*. (1) 
The forces between two protons can then be considered as 
due to mutual emission and reabsorption of this particle. 

The spontaneous disintegration of a charged mesotron 
into an electron and a neutrino has been discussed theo- 
retically,-4 and the lifetime has been found to be in 
reasonable accord with observations on the mass absorption 
anomaly for cosmic rays.' This would lead to the analogous 
assumption that the neutral mesotron has also a finite 
lifetime of the same order of magnitude as that of the 
charged one and disintegrates spontaneously into a pair of 
electrons or neutrinos: 


Yoe+a; Y—n-+n’. (2) 


Here e, x, nm and n’ denote an electron, a positron, a neutrino 
and an antineutrino, respectively. We shall, however, 
point out here that without such an assumption the 
neutral mesotron is still unstable and transforms spon- 
taneously into photons (hy): 


VY +>hy+hv; VY —-hvy+hy+hyv; etc. (3) 


These processes can be brought about in the following way. 
First a neutral mesotron is absorbed by a proton which is 
in the negative energy state and produces a (virtual) pair of 
a proton and an antiproton. Then this pair disappears 
with the emission of more than two photons. The transition 
probabilities of these processes are proportional to g’e*, g*e°, 
etc., respectively, where ¢ is the elementary charge and g is 
the constant, characterizing the strength of the interaction 
between the neutral mesotron and the heavy particle, 
which is determined by the magnitude of the proton-proton 
force. Owing to the largeness of this constant, the lifetime 
of the neutral mesotron is expected to be far shorter than 
that of the charged one. 

Calculations based on the vector mesotron theory show, 
however, that transition probabilities of the processes in 
which even numbers of photons are created vanish identi- 
cally.* Therefore the main contribution to the lifetime comes 
from the three-quanta disintegration. Though the exact 
calculation of this process is extremely complicated on 
account of the complexity of the Dirac-Heisenberg theory 
of the positron (antiproton in this case), a rough estimation 
gives the following value for the lifetime of the neutral 
mesotron at rest :’ 

_ hte h 





~10~"* sec., (4) 
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which is about 10~'* times as short as that of the charged 
one. This result seems to account for the failure dia 
experiments to prove the existence of the neutral Mesotron 

in cosmic rays.® 
Full details will be published later in Proc. Phys.-Math 
Soc. Japan. ; ‘ 
We wish to express our cordial thanks to Professor Dr 
H. Yukawa for his encouragement and advice on this work. 
SHOICHI SAKATA 


YASUTAKA TANn 
Institute of Theoretical Physics, ANIKAWA 
Kyoto Imperial University, 
Kyoto, Japan, 
January 26, 1940. 


1 Tuve, Heydenburg and Hafstad, Phys. Rev. 50, 806 (193 
: , eV. OU, 6). 
2? Yukawa, Sakata, Kobayasi and Taketani, Proc. ee 
Japan 20, 319 (1938). am Proc. Phys-Math. See, 
*’ Kemmer, Proc. Camb. Phil. Soc. 34, 354 (1938). 
* Yukawa and Sakata, Nature 143, 761 (1939). 
_— and oma pp ee exakt. Naturwiss. 17, 1 (1938) 
appearance of such cancellations can be ict ae 
theorem (Phys. Rev. 51, 125 (1937)). predicted by Furry’ 
; mee be the a hx} mesotron. 
ishina, Birus, ido and Miyazaki, the annual i 
Phys.-Math. Soc. Japan (Kyoto, 1939). al meeting of the 





On the Polarization of Electrons by Scattering 


It is well known that experiments fail to observe any 
appreciable polarization by scattering! which is sometimes 
regarded as a failure of the theory. Bethe and Rose? have 
shown in a recent article that this fact cannot be explained 
by depolarization effects. I wish to point out that the 
negative result of experiments seems to follow from a much 
simpler reason, namely from the fact that the scattered 
electrons observed have got their deflection not in a single 
act of scattering but as a result of multiple scattering, 

The angular width of the beam originated by multiple 
scattering can be easily calculated. The mean square angle 
of deflection resulting from a multiple scattering is* 


(0*) ay = 2x N(Ze?/E)*I log [(6*)mt/00), 


where N is the number of atoms in a unit volume, Z the 
atomic number, E the energy of the electrons (more exactly 
E=mv"/2[1—(v*/c*) }#), @ the angle for which effects of 
screening become important, and / the path which the 
electrons have traveled. Inserting the values for gold we get 
for E=100 kv 


(6) ay = 2.5 X 10% log (5X 10°). 


Even for /=7 X 10~* cm (the thinnest foil used by Dymond) 


we get 
(0?) yt = 0.23. 


But this means that most of the deflected electrons 
observed in experiment were scattered many times on small 
angles. As the polarization formula given by Mott‘ shows 
that the polarization falls very rapidly for small angles of 
scattering, this seems to explain the experimental results. 

L, LANDAU 


The Institute for Physical Problems 
of the Academy of Science of the USSR, 
Moscow, USSR, 
January 7, 1940. 


1 E. G. Dymond, Proc. Roy. Soc. 136, 638 (1932); 145, 657 (1934). 
2M. E. Rose and H. A. Bethe, Phys. Rev. 55, 277 (1939). 
3 E. J. Williams, Proc. Roy. Soc. 169, 531 (1939). 

4N.F. Mott, Proc. Roy. Soc. 135, 429 (1932). 








actin 
tope 
by tl 

St 
the 1 
close 
andr 











). 
ath. Soc, 


138). 
 Furry’s 


ig of the 


ve any 
netimes 
e* have 
plained 
iat the 
a much 
attered 
a single 
ng. 

nultiple 


re angle 
3 


», Z the 
exactly 
fects of 
ich the 
1 we get 


ymond) 


lectrons 
yn small 
+ shows 
ngles of 
results, 
NDAU 


(1934). 








Radioactive Carbon of Long Half-Life 


It has been shown by Bonner and Brubaker! that C™ 
«. unstable relative to N™ and is formed by neutrons on 
yh en. Shortly after, McMillan? suggested that a soft 
i a radiation found in material removed from the 
Berkeley cyclotron could be due to C%, formed by deuteron 
bombardment. Recently Pollard? has investigated the 
nuclear reactions B"(a,p)C™ and C8(D,p)C™ and found C™ 
to be unstable by no more than 300 kv. He could not detect 
any activity ascribable to carbon. 

The search for long-lived carbon has been under way in 
this laboratory for some time. Bombardment of an in- 
ternal (“probe”) target* of graphite for 120 hr. with 40 ya 
of 7-8-Mev deuterons has yielded a radioactive body 
isotopic with carbon. The chemical procedure was similar 
in many respects to that used by Yost, Ridenour, and 
Shinohara® in the identification of C™, 

The graphite target was burned in a stream of O, and 
the gases passed over heated cupric oxide and collected in 
a liquid-air trap. The gas was absorbed in Ca(OH), solution 
and the resulting CaCO; filtered and carefully washed. No 
activity could be detected with a thin (0.1 mm) aluminum 
solid wall Geiger counter. However a thin film of the 
CaCO; (~} of the total sample) placed inside a screen wall 
Geiger counter gave ~400 counts/minute. The arrange- 
ment was such that by tipping the counter the sample 
could be made to slide to and fro over the screen in order 
that the background could be measured alternately with 
the active sample. When the CaCO; was converted into 
CO; and introduced into a counter the activity was con- 
siderably greater (~2000 counts/minute). The increase in 
detectable activity was undoubtedly due in part to more 
effective solid angle for the soft radiation to be counted 
and of course self absorption in the sample was completely 
eliminated. 

The gas could be pumped from the counter and the same 
quantity of ordinary CO; introduced with no increase over 
the background. Indeed, at high partial pressures of CO, 
the counting rate fell below the initial background count 
since CO; is a poor counter gas. 

The upper energy limit of the radiation was measured 
in the screen wall counter by absorption in Al. The max- 
imum energy (assuming negative electrons) appears to be 
90,000+ 15,000 ev. This is very close to the known value 
for S*. The above experiments do not exclude S*O». How- 
ever, sulfur was eliminated by oxidation to SO,-~. The 
active gas was converted to CaCO; and then oxidized with 
KMnQ, in H,SO, solution, NaHSO; being added as carrier. 
As an additional precaution the CO, was distilled (in 
vacuum) into Ca(OH). again and treated with I,;~ in 
alkaline solution. After acidification with H,SO, the CO, 
was redistilled into fresh Ca(OH)». This CaCO; was radio- 
active, the recovery being quantitative. Radioactive iso- 
topes of oxygen, nitrogen, and hydrogen are also excluded 
by the above chemical manipulations. 

Stronger samples are in preparation and when available 
the nature and the energy of the radiation will be more 
closely examined. A sample has been followed for 10 days 
and no decay has been detected. The measured cross section 
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coupled with low yield suggests the half-life to be very long 
(years). Large quantities of nitrogeneous material have 
been exposed to neutrons for several months and will be 
shortly worked up for radio-carbon. This latter method 
should prove more advantageous. It will not only yield 
higher specific activities of carbon but it will at the same 
time leave the cyclotron available for other research. 

Long-lived radio-carbon will be of great importance for 
many chemical, biological, and industrial experiments. 
While the emitted radiation is soft it can nevertheless be 
used for quantitative work if suitable precautions are taken 
for the control or elimination of self absorption. The gas 
technique for counting is by far the most sensitive method. 

Experiments are already in progress to extend the results 
on photosynthesis,’ etc., obtained thus far with C™ 
(21 min.). 

Since the activity is very likely C™ formed by 
C™,(D?;,H',)C%, it is obvious the yields will be increased 
by bombardment of C enriched samples. We thank Mr. 
D. C. DeVault for the use of his circuit in some of these 
experiments. We are indebted to Professor E. O. Lawrence 
for his continued encouragement throughout this work. 
Financial grants to the Radiation Laboratory from the 
Rockefeller Foundation and the Research Corporation have 
made these experiments possible. 

SAMUEL RUBEN 


Martin D. KAMEN 
Department of Chemistry, 
Radiation Laboratory, 
University of California, 
Berkeley, California. 
February 29, 1940. 
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3 Pollard, Phys. Rev. 56, 1168 (1939). 

* Wilson and Kamen, Phys. Rev. 54, 1031 (1938). 

5 Yost, Ridenour and Shinohara, J. Chem. Phys. 3, 133 (1935). 

* Libby and Lee, Phys. Rev. 55, 245 (1939). 

7 Ruben, Hassid, Kamen, J. Am. Chem. Soc. 61, 661 (1939); Ruben, 
Hassid, Kamen, DeVault, Science 90, 570 (1939). 





A Correction to Measurements with the 
Electrostatic Analyzer 


Allison, Skaggs and Smith! have introduced a new 
method of measuring the energy released in nuclear 
reactions by deviating the ejected particles through 90° in 
an electrostatic field. The method is especially suited for 
particles of low range. A precise measurement of the energy 
release of the following two reactions was madé: 


Be®+ H! = Be®+ D?+(0,; 
Q: = 0.557+0.006 Mev; 
Be®+H!' =Li*+Het+(Q,; 
Q2=2.152+0.04 Mev. 


On account of the bearing of these results on the range- 
energy relation and on the evaluation of precise isotopic 
weights it may be well to point out a correction which has 
to be applied to them. Allison et al. assume that the energy 
E of the particles liberated in the reaction is not altered by 
their entrance into the electrostatic analyzer where it is 
measured (in ev) by (gV/2) In (r:/re) where r; is the radius 
of the outer, rz the radius of the inner analyzer plate and 
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V the potential difference between them. In analogous 
work on positive rays which was done in collaboration with 
M. Goyer and R. Herzog, we were able to show? that this 
assumption does not hold in general. The experimental 
curves which were very similar to those obtained by 
Allison et al. are shifted to the right or left according as the 
outer or inner plate of the analyzer is grounded. Measure- 
ments with a velocity filter of the Smythe type? in front of 
the analyzer proved definitely that the energy outside the 
analyzer is given by the expression above only if the ratio 
2; : Q, of the resistances of the two analyzer plates to 
ground is equal to 1. The explanation put forward was 
that the particles on entering the analyzer have to run up 
against the stray field which in first approximation is 


6 Q; 1 
Vi=V ——]-: 
(— +5", ;) 


Here & denotes the distance of the median ray from the 
circle of radius }(r:+7r2) at the point of entrance. Hence- 
forth in all our experiments we took care to make 2, =. 
Later this potential drop V, at the entrance (and exit) of a 
radial electric field was made by Herzog‘ the starting point 
of his theory of electrical cylinder lenses. Though this 
paper is quoted by Allison e¢ al. the potential drop seems to 
have been overlooked. 

Since Allison et al. took great care to find the voltage at 
which the particles were describing exactly the average 
radius 4(r1+72) of the deflector we may take it that 6=0. 
However, according to Fig. 1 of their first paper, the outer 
analyzer plate was grounded which means 2,=0. The 
energy of the particles is therefore increased at the entrance 
of the deflector by the amount 4zV or approximately £/40. 
If one uses the experimental data of Allison et a/. as stated 
in the two Tables II of their papers and retains the errors 
given by them, the corrected energy releases of the reactions 
Be*(p,d)Be® and Be*(p,a)Li® are found to be Q;=0.534 


+0.006 Mev and Q;=2.078+0.04 Mev, respectively. 
J. MaTTaucH 








Kaiser Wilhelm-Institut fiir Chemie, 
Berlin-Dahlem, Germany, 
January 12, 1940. 


1S. K. Allison, L. S. Skaggs and N. M. Smith, Jr., Phys. Rev. 54, 
171 (1938). S. K. Allison, E. R. Graves, L. S. Skaggs and N. M. Smith, 
Jr., Phys. Rev. 55, 107 (1939). L. S. Skaggs, Phys. Rev. 56, 24 (1939). 

2J. Mattauch, Physik. Zeits. 33, 899 (1932). 

3 W. R. Smythe, Phys. Rev. 28, 1275 (1926). 

4R. Herzog, Zeits. f. Physik 89, 447 (1934). 
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Corrections to Electrostatic Analyzer Measurements 


It is clear that some correction of the type suggested 
by Mattauch! should be applied to our measurements of 
the energies of disintegration particles with the electrostatic 
analyzer. This correction is due to the fact that the energy 
of the particles as they leave the target is not the same as 
the energy with which they pass through the deflector. 
Mattauch has, however, applied the correction computed 
for an ideal analyzer, in which there are no end effects. 
Actually, the Mattauch correction is a kind of end effect, 
and cannot be discussed separately from such an effect. 

The effect of the stray electrostatic field at the exit and 
entrance to an electrostatic analyzer similar to ours has 
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Fic. 1. Path of a charged particle through an electrostati 
when end effects are considered. © analyzer 


been computed by F. T. Rogers, Jr.? In formulating the 
following remarks we are indebted to him for conversations 
on the subject. The solid line through the condenser jn 
Fig. 1 shows the path of a particle which leaves the source 
S, passes through the condenser along a circle concentric 
with the plates, and arrives at the focus F. The points § 
and F are conjugate points of the equivalent lens, and are 
equidistant from the analyzer. For an ideal analyzer, with 
no stray fields, the particle moving from S to F and 
describing a circle concentric with the plates as it passes 
through the analyzer, would traverse the dotted path from 
S,to F, along the mean radius, It is seen that in the presence 
of a stray field a particle which traverses the analyzer along 
a concentric orbit whose characteristic energy is given by 
E=}zeV In (r:/r2) must enter the analyzer nearer the 
grounded plate than in the ideal case. 

In the construction of our analyzer, no precautions were 
taken to minimize the stray field effect. Although the 
geometry of our analyzer near the entrance and exit of the 
plates is not as simple as indicated in the figure, qualitative 
calculations, in which we were aided by Professor Carl 
Eckart, show that the field was not significantly distorted 
by the grounded vacuum walls in the vicinity. We may 
therefore use the calculations of Rogers, which show that 3 
(which is essentially the same as y- in his paper) is about 
0.2 cm. This means that the potential difference between 
the target and the entrance point of the plates is 
(0.118/0.635) v and the corresponding energy correction JE 
is —0.0093E, where E is the energy of the particle. For the 
reaction Be®(p,a)Li® the correction to the Q value is 
—1.67AE, where AE is the magnitude of the correction to 
the alpha-particle energy, and for the reaction Be*(p,d)Be' 
the corresponding correction is —1.254E, where AE is in 
this case the correction to the deuteron energy. Recalcu- 
lation of our results from Tables II of our papers* shows 
Q=2.115+0.04 and 0.547+0.006 Mev, respectively. The 
resulting changes in the mass values are small; Be’ is 
reduced from 9.01486 to 9.01482+0.00013 and Be* from 
8.00766 to 8.00765 +0.00015. 
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These considerations show that by placing our source and 
detector exactly on extended tangents to the mean radius 
we have been using the instrument so that many particles 
were lost by hitting the grounded outer plate. Increased 
intensity should result from moving S and F to the 
calculated positions, that is, about 2 mm nearer the center 

curvature. 
SAMUEL K, ALLISON 
LesTER S. SKAGGS 
Nicuotas M. Situ, Jr. 

Physical Laboratory, 

Rysriversity of Chicago, 

Chicago, Illinois, 

February 20, 1940. 
h, preceding Letter to the Editor. 

dT Rogers, Jr-, Rev. Sci. Inst. 11, 19 (1940). 


ison, L. S. Skaggs, N. M. Smith, Jr., Phys. Rev. 54, 171 
assis. Skages, Phys. Rev. 56, 24 (1939). 





The Transmission of Neutrons of Different Energies 
Through Quartz Crystals 


Recent experiments"? on crystals of iron, nickel, quartz, 
and nickel-iron alloys (Permalloy) have shown that single 
crystals are very transparent to the slow neutrons which 
are readily absorbed by cadmium. This high transparency 
for C neutrons has been attributed" to the fact that only a 
few narrow bands in the neutron spectrum satisfy the wave- 
length conditions for coherent scattering. The neutrons in 
these bands are scattered into the appropriate diffraction 
patterns by the nuclei in the crystal lattices while the 
neutrons in the other parts of the spectrum go through the 
crystal practically unhindered, except for possible capture 
or collision resulting in incoherent scattering. Additional 
measurements have been made using a large single crystal 
of quartz and neutrons of both higher and lower energies 
than were used before. The observations on quartz were 
alternated with similar ones on carbon. 

The neutrons of greater than thermal energies were 
obtained from 600 milligrams of radium mixed with 
beryllium placed about 2 cm below the top surface of a 
paraffin cylinder 15 cm in diameter. Two boron carbide 
doughnuts 15 cm in diameter with central holes 8 cm in 
diameter were used to improve the geometry. One of these 
was placed directly on top of the paraffin cylinder and the 
other directly under the sample. The scattering samples 
and the detectors were placed 12cm and 27 cm, respectively, 
above the top surface of the paraffin. 

The transmissions of the samples for C neutrons and for 
the neutrons which pass through 0.4 g/cm? of cadmium 
were measured using indium and rhodium as detectors. 
These cadmium filtered neutrons which activate rhodium 
and indium have energies of approximately 1.5 volts.’ 

The transmissions of these same samples of quartz and 
carbon were measured using the neutrons from paraffin 
cooled with liquid air. The temperature of the paraffin was 
checked by a system of thermocouples which indicated a 
constant value of about 100°K. A boron chamber connected 
toa linear amplifier was used as a detector of the neutrons 
in this case. The geometry of the apparatus was such that 
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no correction for nonparallelism of the neutron beam was 
considered necessary. 

It was believed desirable to measure the transmission of 
the quartz crystal for C neutrons since the earlier measure- 
ments on quartz were made with small samples, and 
furthermore, it is of interest to know whether the cross 
section per molecule varies appreciably with thickness of 
sample. This particular piece of crystal is 4.2 cm thick and 
has 10.97 g/cm*. The parallel faces are perpendicular to the 
principal or optic axis of the crystal, and are of such size 
that a usable cylindrical section 4.2 cm long and 10.70 cm 
in diameter was available. The results of these measure- 
ments, expressed in terms of cross sections per molecule, 
are shown in Table I. 


TABLE I. Total cross sections for quarts crystals (<10™ cm=?). 
(Detectors used are shown in parenthesis.) 


COLD NEUTRONS RES. NEUTRONS C NEUTRONS C NEUTRONS 
(Boron) (In. Rx.) (In. Rw.) (Boron) 
2.3240.7 7.241.2 3.241.2 3.0+0.7 


These results afford additional proof that the increased 
transparency of material in the form of single crystals is due 
to interference effects, since this high transparency largely 
disappears when the wave-length of the neutrons is 
decreased by a factor of about seven. The cross section 
obtained for this quartz for C neutrons is lower than the 
value of 4.30.6 X 10 cm? found by Whitaker and Beyer 
using thinner samples. While this difference may not be 
significant, it is in the direction to indicate a decrease in 
interaction cross section with increase in thickness of 
crystal. The results with neutrons from cooled paraffin 
show that the changes which take place in the energy 
distribution of the neutrons are not very important in 
changing the transmission of the quartz. This result was 
not unexpected. The carbon sample showed no change in 
cross section with change in the energy of the neutrons. 
The average value obtained was 4.9 10™ cm?. 

The total C neutron cross section of single crystal quartz 
gives an upper limit for the sum of the cross sections due to 
incoherent scattering and capture.‘ The latter is believed 
to be negligible. This upper limit of the incoherent scattering 
cross section must be considerably higher than the actual 
value because of the high energy tail (extending up to the 
cadmium cut-off at about 0.3 volt) on the neutron 
distribution. 

It is a pleasure to acknowledge financial support of this 
work by the Permanent Science Fund of the American 
Academy of Arts and Sciences through a grant to one of 
us (M. D. W.). 

MarTIN D. WHITAKER 
WiiiiaM C. Bricat 
EpGarR J. MuRPHY 
New York University, 
University Heights, 


New York, New York, 
February 17, 1940. 


1M. D. Whitaker and H. G. Beyer, Phys. Rev. 55, 1101 (1939); 
55, 1124 (1939). 

2H. G. Beyer and M. D. Whitaker (to be pataed. 

*H. A. Bethe, Rev. Mod. Phys. 9, 69 (1937). 

* Halpern, Hamermesh and Johnson, Phys. Rev. 55, 1125(A) (1939). 
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Erratum: Cosmic-Ray Particles at Great Depth 
(Phys. Rev. 55, 870 (1939)) 


On page 872, second column, line 22, of the above article 
“0.15 percent” should be changed to ‘0.15 per mill.”” The 
correct statement is: 

‘This agrees well with the observation that the intensity 
at 980 m depth and with 120 cm Pb between the tubes was 
found to be only 0.15 per mill (0.015 percent) of the total 
intensity at sea level.” 

J. Barnétuy 


Institute for Experimental Physics, 
University of Budapest, M. Forré 
Hungary, 
February 9, 1940. 





Multiple Scattering of Electrons 


In a previous paper! a method was given for the treat- 
ment of the multiple scattering problem. The results 
appeared in the form of a series in Legendre polynomials 
with the coefficients determined by the theory. 

We have now completed numerical computations for a 
large number of examples. Fortunately, the results can be 
represented by approximate formulas which are very 
convenient for comparison with experimental data. 

Consider electrons of energy w-mc* scattered by a 
material of nuclear charge Z and atomic mass M in a foil of 
@ grams/cm?. The value of w sin 0, @ being the angle of 
deflection, averaged over the scattering distribution per 
unit solid angle is approximately given by 
w(sin 0) my = 0.683(Z2e/M)s 

x [4.66—}4 log Z+4(Z*%e/M)}*. (1) 
The direct computations were made for Z ranging from 6 
to 90, (Z*0/M) between 1.25 and 10, and for w=5 to 30 for 
the thinner scatterers and 15 to 55 for the thicker ones. The 
approximate formula comes within a few percent of the 
computations, its results being slightly too large for the 
thicker foils for low energies. 

The numerical computations are based on the Thomas- 
Fermi atom and the Born approximation. The latter 
approximation causes some uncertainty in the results for 
heavy elements. Another unknown error arises from the 
higher relativistic terms in the Mott formula; the terms up 
to the order (Z/137) increase the computed average angle 
of multiple scattering for large Z by about five percent and 
the effect of higher terms is difficult to estimate. 

For the scattering intensity per unit solid angle, f(@), we 
find, at @=0°, 

C=4rf(0)/w* = 2.85/(Z*0/M) 

< [4.66—4 log Z+}4 log (Z*e/M)]. (2) 
This approximation agrees very well with the direct 
computations except that for small (Z*e/M) and energies 
below 10me? it yields a value which is a few percent too 
high. The uncertainties here are due to the same causes as 
those mentioned above. 

The scattering intensity per unit solid angle can be 
represented roughly as a Gaussian curve in w@, 

4nf(0)/w*=C exp [—}C(w@)*], (3) 


where C is given by Eq. (2). 
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We hope to publish in the near future details of the 


computations and tables for interpolation. 


S. Goup 
Department of Physics, —_ 
University of Michigan, 
Ann Arbor, Michigan, 


. L. Sau 
Dow Chemical Company, J UNDERSON 
Midland, Michigan, 
February 23, 1940. 


1S. Goudsmit and J. L. Saunderson, Phys. Rev. 57, 24 (1940) 





Some Fission Products of Uranium 


We have bombarded uranium with neutrons from the 
Berkeley cyclotron and investigated some new fission 
products. The following is a brief description of our results 

Langsdorf' has reported a noble gas with a period.of 55 
days. This has been identified as xenon growing out of the 
22-hour iodine discovered by Abelson.2 The complete 
chain is 

Sb — Te — I — Xe — 
10 min. 60 min. 22 hr. 5 days 

We have in addition, also found the new chain: 


Te.—_ I — Xe — 
~15 min. 6.6 hr. 9.4 hr. 


In both cases no active deposit of the xenon with a life 
between a few seconds and several months could be found, 
The same chains have been observed in the case of 
thorium bombardment. In order to have some information 
about the rate of formation of these products under differ. 
ent conditions, the following experiment was performed, 

After having bombarded our material for one hour, we 
have extracted iodine two hours after the end of the 
bombardment, and, ten hours later, we have extracted 
xenon out of the iodine. This xenon decayed with a curve 
showing only the 9.4-hour and the 5-day period. The ratio 
of the intensities of the components is 9.4 in the case of 
uranium for both fast and slow neutrons whereas for 
thorium it is 17. However the identity of the ratio of forma- 
tion of the xenons for fast and slow neutrons has to be 
considered as accidental because in the case of other 
products the identity is not maintained. 

There are also one or more short-life xenons growing out 
of iodine which we have not yet investigated. 

Hahn has reported a 67-hour molybdenum which he 
thought to be the one which was studied by Seaborg and 
Segré;* ‘ this identification has been made certain by the 
extraction of the very characteristic 6.6-hour activity of 
element 43 out of the molybdenum produced by fission, 

A careful chemical separation of germanium, arsenic and 
selenium out of irradiated uranium has failed to show any 
active product with a life longer than about half a day. 

In conclusion we thank Professor E. O. Lawrence for his 
interest in this work and the Research Corporation for 


financial assistance. 
E. Secré 


Radiation Laboratory, . i 
Department of Physics, C. S, Wu 
University of California, 
Berkeley, California, 
February 29, 1940. 


1A. Langsdorf, Jr., Phys. Rev. 56, 205 (1939). 

2 P. Abelson, Phys. Rev. 56, 1 (1939). 

3G. T. Seaborg and E. Segré, Phys. Rev. 56, 808 (1939). 
40. Hahn and F. Strassmann, Naturwiss. 27, 451 (1939). 
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MINUTES OF THE CAMBRIDGE MEETING, JANUARY 26-27, 1940 


HE fifteenth regular meeting of the New England Section was held at the 
Massachusetts Institute of Technology, Cambridge, Massachusetts, on 
January 26 and 27, 1940. The first session was held on the evening of the 26th 
and heard a talk by H. E. Edgerton of M. I. T. on the subject of high speed 
photography. This was followed by an informal social gathering. 
Morning and afternoon sessions the next day heard the following invited 


papers: 


New Developments in Zeeman Effect.—G. R. HARRISON, Massachusetts Institute of Technology. 
Isotope Separation by Thermal Diffusion.—W. H. Furry, Harvard University. 

The Physicist in Industry.—A. C. Harpy, Massachusetts Institute of Technology. 

The Vibration of Violins.—F. A. SaunpDERs, Harvard University. 

The Fission of Heavy Nuclei.—J. A. WHEELER, Princeton University. 


A vote of thanks was extended to Professor Slater, his colleagues, and to the 
Massachusetts Institute of Technology for their hospitality. 

The autumn meeting of the section will be held at the Phillips Exeter 
Academy, Exeter, New Hampshire, on a Saturday in October, probably the 
second or third Saturday of the month. The exact date will be announced later. 

J. C. Boyce, Secretary-Treasurer, New England Section 





MINUTES OF THE NEW YorRK, NEW YorRK, MEETING, FEBRUARY 23-24, 1940 


HE 233rd regular meeting of the American 
Physical Society was held in New York 
City as a joint meeting with the Optical Society 
of America and the Inter-Society Color Council. 
The sessions of the American Physical Society 
and of the Optical Society of America were held 
on Friday and Saturday, February 23 and 24, 
1940, at Columbia University in the Pupin 
Physics Laboratories. The sessions of the Inter- 
Society Color Council were held on Wednesday 
and Thursday, February 21 and 22, 1940, at the 
Roosevelt Hotel and at 480 Lexington Avenue. 
The presiding officers of the Physical Society 
sessions were Professor John Zeleny, President 
of the Society, Dean George B. Pegram, Vice 
President, Dr. Karl K. Darrow, Dr. W. E. For- 
sythe, Dr. A. W. Hull and Professor L. W. 
McKeehan. There were more than six hundred 
registered at the meeting. 


On Friday morning, February 23rd, there was 


a joint session with the Optical Society of 
America and the Inter-Society Color Council 
with a special symposium of invited papers on 
“Optical Methods for the Study of Molecular 
Structure.” The following papers were presented: 
“The X-Ray Diffraction Method,” by Dr. B. E. 
Warren of the Massachusetts Institute of Tech- 
nology; ‘“The Electronic Diffraction Method,” 
by Dr. Louis R. Maxwell of the Department of 
Agricultural Chemistry and Engineering of the 
U. S. Department of Agriculture; ““The Band 
Structure Method,” by Dr. R. Bowling Barnes of 
The American Cyanamid Company; and “The 
Raman Spectra Method,” by George M. Murphy 
of Yale University. The presiding officers were 
Professor John Zeleny, President of the American 
Physical Society, and Dr. K. S. Gibson, President 
of the Optical Society of America. 
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President Zeleny presided at the joint dinner 
of the three societies held at the Columbia 
University Men’s Faculty Club on Friday even- 
ing, February 23rd. Dr. K. S. Gibson, President 
of the Optical Society, and Dr. Deane B. Judd, 
President of the Inter-Society Color Council, 
spoke. Two hundred and ten members and guests 
attended the dinner. 


Meeting of the Council 


At the meeting of the Council of the Physical 
Society held on Friday afternaon, February 23, 
1940, at two thirty o’clock the deaths of four 
members (J. S. Campbell, Edwin Morrison, 
Herbert D. Owens and Harold Walke) were 
reported. Eight candidates were elected to 
fellowship and fifty-six candidates were elected 
to membership. Elected to fellowship: J. W. 
Buchta, Richard B. Dow, Frank G. Dunnington, 
Louis A. Gebhard, Robert E. Holzer, C. Rulon 
Jeppesen, Overton Luhr and Kenneth R. More. 
Elected to membership: Vaughn Agy, Lucius 
Anthony, Floyd R. Banks, Jr., Valentin Barg- 
mann, J. Griffiths Barry, Peter G. Bergmann, 
Ralph W. Bost, Charles D. Bradley, Edmund C. 
Bray, Albert M. Clogston, John N. Cooper, 


Kenneth E. Corrigan, Martha Cox, John H 
Crawford, William L. Davidson, Jr., Robert H. 
Dicke, Charles Elmendorf, Ugo Fano, Richard 
Feynman, Rex G. Fluharty, Henry M, Foley 
Charles A. Fowler, Jr., J. W. Givens, Philip 
J. Hart, Alva L. Herman, George W. Horton 
Maurice L. Huggins, John S. Kirby-Smith, I. 
Koch, Bohumir Larys, Francis W. McCarthy 
Thomas McFadden, William H. Moore, Jr, S 
Elisabeth Morrison, Pauline H. Morrow, Joby 
E. Nafe, Martin E. Nelson, Taisuke Okayama, 
Helen B. Park, Wendell C. Peacock, John H. 
Reisner, Thurman L. Rundlett, Robert y 
Ryder, John B. Sampson, John A. Sauer, Bernard 
Serin, Ralph P. Shutt, Lester S. Skaggs, Jack ¢. 
Smith, Louis E. Smith, Jr., J. Edward Spike, Jr, 
John C. Turnbull, Gregory H. Wannier, G. Wick, 
Hideo Yamamoto, and W. Jacque Yost. 

The regular scientific program of the American 
Physical Society consisted of seventy-five cop. 
tributed papers of which four, numbers 35, 50, 
51 and 75, were read by title. The abstracts of 
the contributed papers are given in the following 
pages. An author index will be found at the end. 

W. L. SEVERINGHAUS 
Secretary 


ABSTRACTS 


1. Wilson Cloud Chamber for Cosmic Rays. RAvpu P. 
Suutt, Bartol Research Foundation of the Franklin Institute. 
(Introduced by T. H. Johnson.)—A quadrangular cloud 
chamber was built with both front and back walls of glass. 
This could be expanded on two sides, so as to create a zone 
of minimum disturbance in the center. In order to reduce 
the weight of the chamber so that it might easily be dropped 
down for the purpose of taking it out of magnetic fields 
and of avoiding turbulences by gravity, its main body was 
made of aluminum. The two valves worked according to 
the knee principle so that a weak electromagnet with a low 
time constant was sufficient to keep them closed. Illumina- 
tion was provided by two spark gaps of atmospheric air, 
each adjusted for breakdown at 30,000 volts. A 4.5 uf 
condenser charged with only 30,000 volts was discharged 
through both in series; this became possible by inserting 
a resistance between one side of the condenser and the wire 
connecting the two gaps. The arrangement furnished about 
1.7 times as much light as one spark with the same energy. 
Each spark cast its light at an angle of 20° to the axis of 
the chamber. Photographs were taken at f :9 to f: 12. 
Expansion was complete 1/600 sec. after the ray had passed 
through the chamber, and the breadth of tracks was 4 mm. 


2. Shower Production by Mesotrons in Different Ma- 
terial. W. F.G. SWANN AND W. E. Ramsey, Bartol Research 
Foundation of the Franklin Institute-——A sextuple coinci- 
dence set of Geiger counter sensitive areas was employed 
with a large thickness of metal below the upper area 
Shower production was observed in the lower areas with 
an apparatus already described.’ Five hundred and thirty 
pictures were taken for lead and for tin, while 2000 pictures 
were taken for magnesium, the experiments being con- 
tinually in progress. Estimated per 1000 pictures, the 
number of doubles for lead, tin, and magnesium are in the 
ratio of 1, 1.41, 1.68, the actual numbers per 1000 pic- 
tures being, respectively, 34, 48, 57, thus indicating that 
the shower production, as regards doubles, is progressively 
less with increasing atomic number. The conclusion wil 
doubtless be enhanced in reliability when more data are 
secured, The distinction between the different metals 
appears to diminish with the number of shower rays. Thus, 
taking all shower rays greater than two, the numbers are 
in the ratio of 1 to 0.9 to 1.2. It may be remarked that the 
whole experiment was carried out below a tank filled with 
30 feet of water. These results are not in harmony with th 
conclusions from Bhabha’s theory of ionization by mes 
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trons as regards the story of variation from element to 


element. 
—TWw.F.G. Swann, Rev. Mod. Phys. 11, 242 (1939). 

3. The Energy Loss of Electrons in Carbon. H. R. 
Crane, N. L. OLESON AND K. T. Cao, University of 
Michigan.—Experimental data on the energy loss of high 
energy particles in solid materials have recently assumed 
an increased importance because of the theory put forward 
by Fermi, concerning their bearing upon the decay of the 
mesotron. A re-evaluation of the data already existing, as 
well as a report upon new measurements, will be given. 
The new measurements were made with a cloud chamber, 
using electrons of 10 Mev energy. The electrons passed 
perpendicularly through a plate of carbon weighing 0.82 
g/cm’, ina magnetic field of 3480 gauss. Two hundred and 
fifty-five electrons gave an average energy loss of 1.86 
Mev/g/cm*. After subtracting the expected radiative loss, 
this becomes 1.73 Mev/g/cm*, which is the loss due to 
collisions alone. The Bloch formula gives 1.93 Mev/g/cm*. 
The Fermi correction for the effect of the dielectric con- 
stant would reduce the theoretical value to about 1.4 
Mev/g/cm*. If a correction were applied for the path 
length in the absorber, it would probably not be more than 
1 percent, because the observed average angle of scattering 
(in the projection) was only 6 degrees. Clearly it is difficult 
to say whether or not the experiments support the Fermi 
theory, since the effect we are seeking to observe is not 
large compared to the experimental uncertainties. 


pea A 
1E. Fermi, Phys. Rev. 56, 1242 (1939). 


4. The Relative Meson Stopping Power of Lead and 
Water. MarTIN A. POMERANTZ AND THOMAs H. JouNson, 
Bartol Research Foundation of the Franklin Institute ——The 
accurate interpretation of the difference in the absorption 
of mesons in air and lead presupposes a knowledge of the 
relative meson stopping powers of these substances. From 
an experimental comparison of the intensity of the hard 
component of cosmic radiation under 8.9 meters of water 
with the intensity under a lead shield, it has been possible 
to determine directly that 890 g/cm? of water has the same 
effect in absorbing mesons with energies of about a billion 
ev as 1547 g/cm? of lead. Thus, the ratio of the relative 
stopping powers per gram per square centimeter, SH,0/SP», 
is equal to 1.72+0.22. The theoretical value of Sq,0/Spp 
calculated with the theory of Bethe and Bloch equals 1.82, 
in agreement with the experimental result. It is concluded 
that the theory of Bethe and Bloch, and not a mass ab- 
sorption law, affords a suitable method of determining what 
thickness of one absorber is equivalent in stopping power 
for mesons to a given thickness of any other. 


5. The Production of Neutrons by Cosmic-Ray Showers. 
S. A. Korrr, Bartol Research Foundation of the Franklin 
Institule—The production of neutrons in cosmic-ray 
showers has been investigated by the coincidence counting 
method. Coincidences were recorded between the dis- 
charges of a BF;-filled neutron-counter! and a Ramsey-type 
shower tray.* The latter was so adjusted that the simul- 
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taneous discharge of any two or more counters, out of an 
array of 25 arranged horizontally, was necessary in order 
to record as a coincidence. A slab of lead 5 cm thick was 
used to produce showers. The neutron counter was enclosed 
in 7 cm paraffin and placed above the lead. It was found 
that accidentals and spurious discharges accounted for 
less than 5 percent of the observed coincidence rate. The 
counting rate of the neutron-shower coincidences indicated 
that, out of all showers of 2 or more rays, one in every 
100+50 was accompanied by the production of a neutron. 
This is approximately the same rate of production as that 
of protons observed in cloud chambers.* ¢ A preliminary 
measurement with the shower tray adjusted so that four 
counters had to discharge in order for a coincidence to be 
recorded showed a decrease in the rate of neutron-shower 
coincidences less than proportional to that between the 
two- to four-ray shower counting rates. 

1S. A. Korff and W. E. Danforth, Phys. Rev. 55, 980 (1939). 

2? W. E. Ramsey, to appear shortly. 

3G. L. Locher, Phys. Rev. 44, 779°(1933); J. Frank. Inst. 224, 555 


(1937). 
«C. D. Anderson and S. H. Neddermeyer, Phys. Rev. 50, 263 (1936). 


6. The Contribution of Showers to the Coincidences 
Recorded at High Elevations. J. G. Barry AND T. H. 
Jounson, Bartol Research Foundation of the Franklin 
Institute-—Flights have been made up to 47 cm H,O from 
Swarthmore to determine the contribution of air showers 
and showers arising in the batteries to the coincidences of 
three counters arranged as those used for measuring the 
east-west asymmetry of the soft component of the cosmic 
rays in Panama in 1939. If a large fraction of the counts 
recorded on the Panama flights had been produced by 
showers, the east-west symmetry found there would not 
necessarily have indicated symmetry of the primary par- 
ticles and an equality of the numbers of primary positives 
and negatives. The test flights, however, have shown that 
at least 95 percent of the coincidences recorded were 
produced by single cosmic rays from the direction of the 
counter train and only about five percent of the counts can 
be attributed to showers and accidental coincidences. Thus 
there seems to be no way of avoiding our former conclusion 
that the primary electrons of the soft component are 
symmetrically distributed and therefore cannot be the 
primary particles which produce the strongly asymmetric 
mesons of the hard component. The latter therefore must 
have been produced by some other type of positively 
charged primary particles, presumably protons. 


7. On the Theory of Meson Decay. L. W. NorpxEmm™, 
Duke University, anv H. A. Betue, Cornell University.— 
The theory of the meson decay has been re-examined in 
view of the disagreement between the results of various 
authors. A simultaneous theory of radioactive 8-decay 
and the spontaneous meson disintegration is obtained auto- 
matically! by the one simple assumption of existence of a 
coupling between mesons and the electron-neutrino field in 
strict analogy to the coupling between mesons and the 
proton-neutron field. The formalism of the theory can be 
considerably simplified by using the classical (unquantized) 
form of the meson field equations. However, it is not pos- 
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sible on the basis of the present meson theory (vector field) 
to obtain a numerical fit for both effects. The meson life- 
time cannot be made larger than about 10-* sec. if the 
available constants are adjusted so as to give the correct 
strength of nuclear forces and the correct time constant of 
radioactive decay. Our results agree essentially with those 
of Yukawa and Sakata.*? 


1 - contrast to the view expressed by R. Serber, Phys. Rev. 56, 1065 


(1939). 
2H. Yukawa and S. Sakata, Nature 143, 761 (1939). 


8. Meson Pair Theory of Nuclear Forces. R. E. Mar- 
SHAK, University of Rochester—The interpretation! of the 
proton-proton scattering experiments on the basis of 
Bethe’s? “‘neutral’’ meson theory leads to a range of nuclear 
forces ~4h/uc (u is meson mass). This implies a mass for 
the field particle equal to about twice the mass of the 
cosmic-ray meson. It has also been found? that a meson 
theory of nuclear forces involving the emission and ab- 
sorption of single charged particles, obeying Bose statistics, 
does not give the right sign of the quadrupole moment of the 
deuteron. In view of these difficulties and the fact that the 
“single’’ meson theory cannot correctly explain the 8-decay 
anyway, we have investigated the consequences of a 
meson “pair” theory of nuclear forces. The mesons are 
assumed to be identical with electrons in every respect 
(“hole” theory, Fermi statistics, etc.) except that their 
rest mass is taken equal to the cosmic-ray meson mass. 
A tensor interaction between the heavy particles and the 
meson pair field (just as in Bethe’s “neutral” theory) can 
alone account for the spin dependence of nuclear forces 
and the positive quadrupole moment of the deuteron. It is 
interesting that a pseudo-vector interaction gives the 
wrong sign of the quadrupole moment. The interaction 
energy between two heavy particles behaves at large 
distances, r as e~**"/r?5, x ~yc/h, so that the range is effec- 
tively one-half the ‘‘single’” meson range, and is directly 
connected with the rest mass of the meson pair field (in con- 
trast with the electron pair theory*). At small r, the poten- 
tial goes as 1/r® so that one has to cut off in the same way 
as in the original electron-neutrino theory. The advantage 
of our theory over a heavier “neutral”’ theory is that it 
deals with particles which can be identified with the 
cosmic-ray mesons. 


1 Hoisington, Share and Breit, Phys. Rev. 56, 884 (1939). 
2H. A. Bethe, Phys. Rev. 55, 1261 (1939). 
2G. Gamow and E. Teller, Phys. Rev. 51, 289 (1937). 


9. Electric Quadrupole Moment of Deuteron. A. Norp- 
sIECK, Columbia University.—K. R. R. Z.1 have discovered 
in HD and D; an interaction ascribable to an electric 
quadrupole moment of D. The energy due to such a mo- 
ment is proportional to the moment and to the electric 
field gradient at the deuteron. This field gradient -has been 
calculated with a simple but rather accurate electron wave 
function. We take as measure of the electric quadrupole 
moment e(32?—r*)4 =eQ, where z and r are coordinates 
of the proton in the deuteron, relative to the center 
of mass, and the average is taken over the state with 
the greatest s component of the spin. The field gra- 





dient points inward along the molecular axis and js 
e[2/R°— f'drp(3 cos? @—1)/r* Jy =2eq, averaged over the 
molecular vibration. R is the internuclear distance, p the 
electron density, r the distance from the D nucleus, and 
@ the angle r makes with the molecular axis. The author 
finds g= 1.19310" cm™ and estimates that this valye jg 
trustworthy to within +2 percent. K. R. R. Z. have kindly 
furnished their unpublished accurate value of the term 
difference concerned: }$e’gQ= (87.5 oersteds) - (magnetic 
moment of D), whence Q=+2.74X10~' cm?, with the 
same estimated uncertainty as for g. Details of the calcy. 
lations will appear shortly. 


1J. M. B. Kellogg, I. I. Rabi, N. F. Ramsey, Jr., and J. R. 
Phys. Rev. 55, 318(L) (1939). J. R. Zacharias, 


10. On the Determination of the Nuclear Qua 
Moments‘ by the Molecular Beam Method. Epwagy 
TELLER, The George Washington University.—In order to 
determine nuclear quadrupole moments by the molecular 
beam method one has to know the anisotropic part of the 
inhomogeneity of electric fields near the nuclei. For dia. 
tomic molecules this may be obtained from experiments on 
scattering of light. If p is the depolarization factor fo, 
polarized incident light scattered at right angle one has 


Fo yo Fo ey meN, — 
i” (Fe-$2) +20(Ze-F2) - | 2 5 





worn: 


Here Z,e and Zze are the nuclear charges, ¢ is the potential 
due to the electrons, x is parallel to the molecular axis, the 
factors of Z,e and Z2e are taken at the positions of the 
respective nuclei, m is the electronic mass, N, is the number 
of electrons participating in scattering and w is 2x times the 
frequency of the scattered light. The quantity appearing 
on the right-hand side is a limiting value taken at high fre. 
quencies. It will be difficult to obtain the necessary e. 
perimental data since depolarization measurements in the 
far ultraviolet are involved. 


11. On Energy Loss in the Theory of Multiple Scatter. 
ing. M. E. Rose,* Yale University.—In the theoretical 
investigation of the pre-diffusion stage of multiple scatter. 
ing it is customary to neglect one or more of the following: 
(1) large angle single scattering, (2) fluctuation in path 
length and the difference between path length and foil 
thickness, (3) back scattering and (4) energy loss, It has 
been shown! that the neglection (1) overestimates the 
multiple scattering; but a more accurate treatment of the 
other effects would increase the calculated scattering’ 
In the realm of applicability of the prediffusion treatment 
the contribution of all the effects is of the same orderd 
magnitude and, for consistency, at least first-order corret- 
tions should be considered in each case. In addition to the 
contribution of the inelastic collisions to the scattering, 
the slowing down of the electrons will result in a larger 
number of elastic collisions, or a decrease in the “transport 
mean free path’? corresponding to a more rapid los d 
forward momentum. The angular distribution then be 
comes broader and the most probable angle greater (a 
proach to diffusion). The effect of energy loss will be mot 
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important for light elements and slow particles. For the 
scattering of 1-Mev electrons in 0.025 cm Al foils* the 
most probable angle of deflection is increased by 10 percent. 


—Touerling Fellow. 
1S, Goudsmit and J. L. Saunderson, Phys. Rev. 57, 24 (1940). 


+H. A. Bethe, M. E. Rose and L. P. Smith, Proc. Am. Phil. Soc. 78, 
$73 (1930) stawsky and H. R. Crane, Phys. Rev. 56, 1203 (1939). 


12. Structure of the ZL Absorption of Sodium Metal 
and Its Halides. H. M. O'BRYAN, Georgetown University. 
_The structure of the soft x-ray absorption of thin films 
of sodium metal, NaF, NaCl, NaBr, and Nal has been 
photographed in the region between 250A and 430A with 
a plane grating vacuum spectrograph having a resolving 
power of 0.1 electron volt. The structure observed in these 
solids is much narrower and more complicated than found 
for the same substances in the absorption of ordinary 
x-rays. Sodium metal has a sharp edge at 405A and rela- 
tively faint structure at shorter wave-lengths. The sodium 
halides have narrow intense absorption “lines” beginning 
near 380A and extending toward shorter wave-lengths. 
These absorption “‘lines’” of the crystals have widths of 
about 0.5 ev and almost the same wave-lengths as the 
emission of NalII in the vacuum spark. Continuous absorp- 
tion in the halides starts near 45 ev which is not far from 
the ionization potential of the gaseous sodium ion at 
47 ev. This similarity between the energy levels of the 
sodium ion in the solid lattice and in the gaseous state 
indicates a highly ionic character of the alkali halides and 
surprisingly little broadening and displacement in the 
solid state. 


13. Progress Report on Radioactive Standards.* CLarK 
GoopMAN AND Rosey D. Evans, Massachusetts Institute 
of Technology.—An international intercalibration among 
laboratories engaged in the measurement of feeble radio- 
activities' is being carried forward under the direction of 
the Committee on Standards of Radioactivity of the 
National Research Council. Twelve rock samples, repre- 
senting widely different lithologic types and containing a 
broad range of radioactivities, have been prepared as 
standard samples by the National Bureau of Standards. 
Beta- and gamma-ray standards and dilute radium and 
thorium standards are also being prepared. Sixty radio- 
activity measurements have been completed at the Massa- 
chusetts Institute of Technology as part of the cooperative 
certification of these standards. These preliminary results 
indicate that (1) emanating power, (2) degree of fusibility, 
(3) contamination, and (4) inhomogeneity must be con- 
sidered in the application of the rock standards. Three 
granite samples showed emanating powers of 40, 10 and 0 
percent. Measurement after storage in sealed tubes? accu- 
rately corrects for this effect. Unusually high temperatures 
must be used in the direct-fusion of feldspathic rocks 
Redistillation and recrystallization eliminate radioactive 
contaminations in distilled water, C.P. nitric and hydro- 
chloric acids and C.P. barium compounds. Reagent alcohol 
and C.P. sodium carbonate are generally quite free from 
activity. Repeat measurements on separate portions of the 
same 100-gram lot of ground rock sample show inhomo- 


geneities up to 30 percent, which emphasize the need of 
several determinations for calibration purposes. 


* Supported in part by the American Philosophical Society. 
1 Evans and Goodman, Phys. Rev. 53, 916A) (1938). 
2 Evans, Rev. Sci. Inst. 6, 101 (1935). 


14. Self-Consistent Field for Doubly Ionized Mag- 
nesium. W. JACQUE Yost, Brown University. (Introduced 
by R. B. Lindsay.)—A self-consistent field without ex- 
change: has been calculated for MglIII in the normal state 
as a preliminary step to the calculation of the field with 
exchange for the same configuration. All equations were 
integrated numerically with the aid of a calculating ma- 
chine. Only three approximations were necessary through- 
out to obtain the usual standard of self-consistency, i.e., 
+0.001 in the final Z(nl|r). Interpolation from these 
results provides a good initial estimate for the equations 
including exchange. A comparison between the usual 
method of calculation and that in which the Y;'s are 
obtained simultaneously with the solution was made, fol- 
lowing the suggestion of Hartree,’ both for the equations 
with exchange and those without. It has been found that 
the simultaneous solution for the Y;’s, in both cases, 
requires a greater amount of computation and does not 
sufficiently aid the convergence to be worth using. It 
has been found that the Y;'s can be calculated with suffi- 
cient accuracy by a double quadrature instead of by the 
differential equations suggested by Hartree.! The calcula- 
tion of the field with exchange is now in progress and should 
prove useful in investigating the metallic state of Mg. 


1 Proc. Roy. Soc. 150, 22 (1935). 


15. Van der Waals Potentials at the Surface of Metals. 
W. G. PoLLarD, University of Tennessee, AND H. Mar- 
GENAU, Institute for Advanced Study, Princeton.—A sim- 
plified model of a metal, consisting of a barrier behind 
which electrons are trapped in a region of constant po- 
tential, is used for calculating the van der Waals force 
between a metal and an adsorbed atom. The result shows 
the potential to vary as 1/R® for large distances of separa- 
tion R, more rapidly for small R. The numerical values 
are much smaller than those obtained by Lennard-Jones! 
using an image force model. This discrepancy arises, aside 
from imperfections of the present model, from the fact 
that the instantaneous dipoles induced in the metal are 
not exactly in phase with the motion of the atomic elec- 
trons, an assumption implied in the image force model. 
The formula obtained is applied to various systems ad- 
sorbed to Na and Cu surfaces. Fair agreement is found 
between theory and experimental heats of low temperature 
adsorption, although relevant instances of comparison are 
not numerous. While the image-force theory results in the 
same formula for the attraction between a given atom and 
all conductors, the present analysis introduces the con- 
stants of the metal. 


1 Lennard-Jones, Trans. Faraday Soc. 28, 334 (1932). 


16. Energy Levels in Solid Chrome Alum. R. FINKEL- 
STEIN AND J. H. VAN VLECK, Harvard University.—It is 
shown that Spedding and Nutting’s data on the Zeeman 
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effect of the lines of chrome alum in the vicinity of 15,000 
cm~ are intelligible if they are inter-system combinations. 
Calculations are made to examine whether the correspond- 
ing locations of the energy levels are reasonable theo- 
retically. The positions of the states for the free chromic 
ion are known from direct or extrapolated spectroscopic 
data, and their displacements in the solid alum are calcu- 
lated under the assumption that the inter-atomic forces 
are equivalent to a crystalline potential D(x*+3‘+<2*) 
with Schlapp and Penney’s value of D. The classification 
of levels in the solid shows little resemblance to that in 
the gas. For the doublet states it is essential to include 
matrix elements nondiagonal in the quantum number L, 
which are so powerful that L loses all meaning. It is esti- 
mated that there are inter-system combinations of roughly 
the wave-length observed by Spedding and Nutting. The 
nondiagonal elements in L are unimportant for the ground 
level and other states of maximum multiplicity (quartets 
in chromium). Computations of magnetic susceptibilities of 
salts of the iron group made on the assumption that L is a 
good quantum number can hence be regarded as adequate. 


17. The Local Field in Polarized Dielectrics. GEoRGE 
Jarré, Louisiana State University —A new deduction for 
the Lorentz force is given by considering at first such 
molecules as have their nearest neighbor at a given dis- 
tance, summing over all dipoles in the field and finally 
averaging. The Lorentz formula is shown to hold, under 
very general statistical assumptions, for the mean value 
of the force. The distribution law of the local field is then 
deduced for constant dipoles of moment yu by a process of 
successive approximations with the aid of a probability 
theorem of Markoff-Gans. To a first approximation the 
local field becomes isotropic for weak external fields; its 
average value is R=162nyu/(27)3, i.e., more than twice 
the maximum value of the Lorentz force obtainable with 
a given dipole density ». A second approximation shows 
the saturation to be dependent on two dimensionless 
variables f=Eyu/kT (E=intensity of the field) and 
Pm =4anp?/3kT. To avoid the difficulties connected with 
the Clausius-Mosotti formula an influence of the shape 
of the molecules is suggested (in agreement with Wiener). 
A modified C-M formula is deduced under this assumption 
and compared with experimental evidence. 


18. On the Theory of Dielectric Breakdown in Alkali 
Halide Crystals. FREDERICK SEITZ AND J. B. SAMPSON, 
University of Pennsylvania.—Von Hippel’s theory of ioniza- 
tion breakdown has been applied with different assump- 
tions by Fréhlich and by Seeger and Teller. They obtain 
the correct order of magnitude of the breakdown field 
but the wrong temperature dependence. For this reason 
Eranz has suggested that thermal and field ionizations of 
the normal ions play a role. The present investigation 
attempts (a) to analyze the condition for breakdown more 
closely and (5) to account for the temperature dependence 
along lines different from those followed by Franz. In 
connection with (a) it is suggested that the accurate 
criterion is that an electron produce an ion pair or its 
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equivalent, namely an exciton that later disintegrates, in 
10~* sec. or less. This seems to be more nearly in a 

with Fréhlich’s criterion than Seeger and Teller’s, Jp 
connection with (6) it is pointed out that unless the 
excitons which are produced as a result of the pri 
excitation process are broken up by the field by field. 
emitted electrons from the cathode or by temperature 


there can be no breakdown. It is suggested that the break. 


down field is determined at low temperature by the condi- 
tion that the excitons are decomposed by the field, The 
observed peak in breakdown voltage in intermediate range 
arises from competition of three processes affecting ex. 
citons: thermal deexcitation, thermal ionization and field 
ionization. At high temperatures temperature ionization 
should be rapid enough to lead to the temperature de. 
pendence predicated by Frohlich. 


19. Equation of State and Thermoelastic Properties of 
the Solid. H. F. Lupiorr, Cornell University —Two 
thermodynamical identities are given which correlate the 
different thermal and elastic parameters of a solid, Ip 
these relations those terms which are not amenable to 
direct measurements are successively determined by an 
equation of state for the solid which is derived on the 
basis of quantum-theoretical considerations. In this way 
one obtains: (1) A relation between the temperature varia. 
tion of an elastic parameter and its volume variation 
produced by external (e.g., hydrostatic) pressures, (2) A 
relation between the temperature variation of an elastic 
parameter and the thermal expansion coefficient. (3) The 
general temperature law which the elastic parameters of 
solids must obey: at low temperatures a 7 “law (this 
allows extrapolations of the parameters to the abs. zero); 
at high temperatures a T-law. Both laws agree very well 
with the modern measurements. From these relations a 
method is derived which allows a numerical transforma- 
tion of the measurements of the thermal expansion coefi- 
cient into the temperature curve of an elastic parameter 
up to the melting point. Some data on the behavior of 
thermal and elastic parameters near phase-transition points 
are discussed. 


20. Torsional Vibrations of Crystalline Cylinders. Wi- 
LIAM FuLLER Brown, JR., Princeton University.—The 
calculation of elastic constants of crystals from observed 
vibration frequencies of cylinders is complicated by cov- 
pling between torsion and bending. Experimentally the 
torsional frequencies have been found to be determined 
by the rigidity for pure torsion (no bending) rather than 
for free torsion (no bending moments).' A theoretical 
analysis leads to the following results. A torsional fre- 
quency » interacts chiefly with the flexural frequency f for 
which the number of moment nodes is the same. For long 
specimens »*>>f?; then the frequencies are given approxi- 
mately by the formulas for uncoupled modes, if the con- 
stants used are the rigidity for pure torsion and Young's 
modulus for free bending. For short specimens f*>>’; then 
the constants for pure bending and for free torsion must 
be used. Other »,f pairs interact only if the number of 
moment nodes is either even for both or odd for both, and 
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then only weakly unless very close together. For sodium at 
g0°K in a particularly unfavorable orientation, a rigorous 
calculation shows that the pure torsion formula is correct 
to 5 percent for the fundamental if the specimen length 


exceeds 2.2 cm. 
Ts. L. Quimby and S. Siegel, Phys. Rev. 54, 293 (1938). 


21. The Nature of the Lambda-Point Transition in 
Ammonium Chloride. A. W. Lawson, Columbia University. 
_-Measurements have been made on the temperature 
variation of the isothermal Young’s modulus and the 
coefficient of thermal expansion of pressed specimens of 
ammonium chloride in the neighborhood of the lambda- 
point transition at 242.8°K. It is found that a large dif- 
ference exists between the recently reported’ values of the 
adiabatic compressibility and those of the isothermal 
compressibility in the immediate vicinity of the critical 
temperature. The data in conjunction with the known? 
temperature variation of the specific heat at constant 
pressure permit the evaluation of the temperature varia- 
tion of the specific heat at constant volume, from which 
it is concluded that the transformation is not to be asso- 
ciated, as previously suggested by Pauling,’ with the 
onset of almost free rotation of the ammonium radicals in 
the crystal lattice. 


d Scheib, Ph R 55, 1268 (1939) 

1 nan eib, Phys. Rev. 55, " 

— et al., Zeits. f. physik. Chemie A129, 339 (1927). 
+ Pauling, Phys. Rev. 36, 430 (1930). 


22. X-Ray Study of the A; Point of Pure Iron Using the 
Geiger-Mueller Counter. ALTON P. WANGsGARD, Penn- 
sylvania State College. (Introduced by Wheeler P. Davey.)— 
A new technique of observing crystal phase changes has 
been developed and applied with success to the A; phase 
change of iron. A Geiger-Mueller counter is used with 
balanced ZrO and Sr(NOs)2 filters. The Ac; point of iron 
has been found to be 910.5°+0.6°C in pure dry hydrogen 
or helium and evidence has been cited to show that the Ars 
point is very probably between 2° and 23°C below the Ac; 
even for infinitely slow rates of cooling. These data are in 
agreement with those of Wells, Ackley and Mehl. It is 
found that the body-centered and face-centered crystals 
may coexist over a temperature range of approximately 
23°C, with some sort of equilibrium between them. This 
is in accord with the hydrogen diffusion data of Ham? and 
his co-workers. It is found that crystals will occasionally 
disintegrate and reform rapidly in these temperature re- 
gions and it is suggested that the atoms have a greater 
mobility near the Ac; and Ar; points. The apparent de- 
pression of 4°C (due to different solubility of hydrogen in 
the two phases), as set forth by Ham,? has not been found. 

Wells, Ackley and Mehl, Tran. A.S.M. 24, 46 (1936). 


*C. B. Post, R. E. Lake and W. R. Ham, Trans. Am. Soc. Metals 27, 
530 (1939). 


23. Crystal Models for Close-Packed Systems. R. B. 
NELSON AND D. B. Lancmurr, RCA Manufacturing Com- 
pany, Inc.—A crystal model in the form of a box so con- 
structed that spheres poured into it automatically take up 
Positions in a given three-dimensional lattice is a conven- 
lent aid for studying some types of problems of the solid 
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state. Martin' has described such a model for the body- 
centered cube. His device is somewhat laborious to build 
as the walls must be notched in a special manner. It is 
possible to make such models for face-centered, body- 
centered and simple cubic lattices with smooth plane walls 
if the angles between the edges of the box are properly 
chosen. The edges should have the relative directions of the 
lines in the desired lattice along which atoms are close- 
packed. The walls of the box then correspond to the most 
closely-packed planes in the particular structure involved. 
The close-packed directions and planes in the various sys- 
tems are, respectively: simple cubic, (100) axes, (100) 
(cubic) planes; face-centered cubic, (110) axes, (111) and 
(100) (octahedral and cubic) planes; body-centered cubic, 
(111) axes, (110) (dodecahedral) planes. In the hexagonal 
system all close-packed directions lie parallel to the basal 
plane, and the box model degenerates into a plane. This 
difficulty may be avoided by milling grooves into faces 
perpendicular to the base. The diamond, and probably also 
all structures other than the four mentioned, have no close- 
packed directions, and cannot be represented by models of 
this type. 
1S. T. Martin, Phys. Rev. 56, 947-959 (1939). 


24. On the Theory of Diffusion in Substitutional Alloys. 
H. B. HUNTINGTON AND FREDERICK SeE1tz, University of 
Pennsylvania.—The present work has been undertaken in 
an attempt to decide between the vacancy and interstitial 
mechanisms of diffusion in the case of self diffusion in 
copper. The experimental activation energy, as measured 
by Steigman, Shockley and Nix, is 2.6 ev. The energy re- 
quired to take an atom from the surface to an interstitial 
site is computed in the following two steps: (a) the ion core 
is taken to the interstitial site and its valence electron is 
spread uniformly throughout the lattice; (6) the polariza- 
tion of the electron gas by the interstitial ion is included. 
The greatest uncertainty in computing these energies lies 
in incomplete knowledge of the ion core repulsion, which we 
estimated from elastic data. In approximation (a) the 
activation energy is 11 ev. The polarization energy is about 
3 ev, which reduces the interstitial activation energy to 
approximately 8 ev. A preliminary computation of the 
activation energy for vacancy diffusion, carried out along 
similar lines, leads to a value of 3’ev, and indicates a 
preference for this mechanism of diffusion. These results, 
however, are strongly dependent upon the ion core repul- 
sion function used and may require revision. 


25. An Electron Diffraction Examination of Electro- 
lytically Polished Surfaces. H. R. Netson, Battelle Me- 
morial Institute-——A highly polished or burnished metal 
surface usually gives a diffuse-ring electron diffraction 
pattern which some investigators believe is due to a layer 
of amorphous metal called the Beilby layer. Iron, aluminuni 
and stainless steel surfaces have been polished by an elec- 
trolytic method in which polishing is effected by the disso- 
lution of metal from the high spots when the specimen is 
made the anode in a suitable electrolyte. Although such a 
process cannot produce a layer of amorphous metal, it was 
found that the electron diffraction patterns from many 







































































electrolytically polished surfaces are identical with those 
from the same surfaces mechanically polished. Surfaces 
which were not well polished as indicated by visible grain 
boundaries gave patterns of spots elongated by refraction 
at the flat surfaces of single grains. More highly polished 
surfaces showing no visible grain structure gave the diffuse- 
ring pattern with only occasional faint spots. Electro- 
lytically polished copper always gave a pattern due to 
Cuz0. It is believed that a thin film, probably an oxide, 
covers the surface of electrolytically polished surfaces and 
gives rise to the diffuse-ring pattern. 

26. New High-Sensitivity Galvanometer. C. HAWLEY 
CARTWRIGHT, Massachusetts Institute of Technology —The 
natural limit of a moving coil galvanometer for measuring 
current or for determining the e.m.f. in a circuit is about 
40 percent that of an ideal device.! A volt-sensitive gal- 
vanometer was constructed which was sufficiently stable 
for the natural limit to be easily attained, using only 
optical amplification? The design combines features in 
the Zernike and Moll galvanometers. For high sensitivity, 
an Alnico magnet was used, the coil was wound with No. 
46 wire, and the period was 10 sec. For stability, the moving 
system was kept taut between quartz fibers and mechani- 
cally balanced so that it was relatively insensitive to level 
and vibrations. The system was also balanced magnetically 
so that the effects due to magnetic impurities were avoided. 


1C. H. Cartwright, Rev. Sci. Inst. 11, 25 and 31 (1940). 
2M. Czerny, Zeits. f. Physik 90, 468 (1934). 


27. The Three-Crystal Method of Quartz Resonator 
Measurement. Kari S. VAN DYKE AND ALAN M. THORN- 
DIKE, Wesleyan University—The present report continues 
the investigation of the properties of highly selective 
quartz resonators on which the senior author has reported 
in the past. The former methods have included decay curve 
measurements and resonance curve plotting by means of a 
current meter. The present method uses an impedance 
bridge. The impedance of the crystal at various frequencies 
near the peak of its resonance curve is measured with a 
radiofrequency bridge. By a precise determination of 
frequency differences from a constant standard of reference 
the resonance curve is accurately determined. The L, C, 
and R and C; of the crystal’s equivalent network are 
computed, as well as the piezoelectric constant and the Q 
of the resonator. The method used employs three crystals 
of nearly identical frequency. One of these serves as driving 
oscillator, another as the resonator under test, the third as 
a comparison standard of frequency. Slow beats between 
this latter and the driver establish the frequency of the 
current supplied to the bridge. This frequency is varied 
through the resonance range of the crystal under study by 
circuit adjustment of the driving oscillator. For the con- 
tinued study of resonator properties, driver, reference 
oscillator, mixer and beat counter circuits, as well as the 
bridge and a detector of extreme sensitivity, have been 
incorporated in a unit assembly. 


28. Automatic Cathode-Ray Oscillographs for the Re- 
cording of Lightning Currents. J. W. FLowers, General 
Electric Company.—Two oscillographs installed below the 
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roof of the Empire State Building and connected to 
shunt inserted between the lightning rod and buildi ° 
frame have given current records in strokes during 1938 and 
1939. An RCA-908 tube with 1200 volts excitation gives 
continuous record for a time of the order of one second aa 
a film drum of about 30 inches in diameter. Deflection is 
produced normal to rotation which requires slightly less 
than one second and serves as the beam sweep. For highest 
resolution in time, a special tube with 15 ky excitation 
records high speed oscillograms on a similar drum. Durin. 
a stroke, discharges of sufficient magnitudes and rates a 
recorded as individual oscillograms which are separated by 
drum rotation. Nonlinear sweep is produced automatically 
on the tube screen. The first few microseconds are well 
resolved although the total time of sweep is of the order of 
100 microseconds. Circuit design enables repetition of 
operation in less than 1000 microseconds. At the end of a 
complete stroke, the film is automatically reset by drum 
translation. Initiation requires less than one microsecond 
regardless of stroke polarity and deflection delay js 
provided. 


29. Field-Enhanced Secondary Electron Emission 
HERBERT NELSON, RCA Manufacturing Company, Inc.— 
In a Letter to the Editor' I recently published data in sup- 
port of the hypothesis that the secondary-electron emission 
from ‘‘oxide film” targets is enhanced by the presence of a 
positive surface charge in the film. Additional data support- 
ing this hypothesis have now been obtained. An experiment 
has been performed in which the potential of the oxide film 
surface with respect to the metal base has been determined 
as a function. of the velocity of the primary electrons im- 
pinging on the film. The surface potential was determined 
by two different methods. It was determined by its “grid 
effect” on the thermionic electron current from a fine fila- 
ment mounted close above the film surface, and in a second 
method by its effect in shifting the break observed in the 
curve obtained by plotting the secondary current from the 
film surface to a collector as a function of low accelerating 
and retarding potentials applied to the collector. The re- 
sults obtained may be summarized as follows: (1) The film 
surface is negative with respect to the base metal at low 
primary electron velocities and becomes positive at an 
electron velocity somewhat lower than that at which the 
secondary to primary current ratio becomes greater than 
one. (2) The rate of change of surface potential with pri- 
mary electron velocity is most rapid in the region where it 
changes from a negative to a positive value. (3) The rela- 
tion between the net flow of current through the film and 
the voltage across the film has been found to be nonohmic 


in character. 


1H. Nelson, Phys. Rev. 55, 985 (1939). 


30. Production of Resonance Radiation. Cxirton G. 
Founp AND Epwarp F. HENNELLY, General Electric Com- 
pany.—It is reasonable to assume that the rate J of excita- 
tion to the first resonance state (6 *P;) in the plasma of a 
mercury discharge should be given by [~ma%eF(T) where 
nq and n, are the concentrations of atoms and electrons and 
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F(T) isa function of the electron temperature. The electron 
temperature has been calculated as a function of p-a 
(p=gas pressure, a=tube radius) by means of the plasma 
equations of Tonks and Langmuir,' and the probability of 
jonization as determined by Nottingham.? The function 
F(T) has been computed for several electron temperatures 
by numerically integrating Nottingham’s* excitation func- 
tion over a Maxwellian distribution of energies. The final 
values of I/n. prove to be proportional to (p/a) ', over a 
considerable range of pressure and tube radius. Spectro- 
scopic measurements of the intensity of A=2537A were 
made with mercury discharges at pressures from 0.2 to 20 
baryes, currents from 0.05 to 5.0 amp. and tube diameters 
from 2.5 to 5.0 cm. Simultaneously, electric characteristics 
were obtained from probe measurements. The measured 
values of T were practically independent of arc current and 
agree closely with those calculated from the Tonks- 
Langmuir equations. The measured dependence of inten- 
sity of 2537A radiation on the arc parameters was closely 
the same as the simple theory outlined above predicts for 
the rate of generation of excited atoms. The results indi- 
cate, in addition, that cumulative ionization and cumula- 
tive excitation are negligible under these experimental 


conditions. 





1 Tonks and Langmuir, Phys. Rev. 34, 876 (1929). 
* Nottingham, Phys. Rev. 55, 203 (1939). 


31. Further Electron Impact Study of NO. Homer D. 
HAGSTRUM AND JOHN T. TATE, University of Minnesota.— 
A mass spectrometric study of the dissociation products of 
NO under electron impact has shown, in good agreement 
with the work of Hanson,' that the process NO-+N*++0O 
occurs at 21.8 volts. In addition to this the appearance 
potentials of the N* and O7~ ions indicate that the process 
NO—N++0O7- occurs at 19.9 volts. These processes admit 
of an interpretation completely analogous to that previously 
made for CO.** These data constitute further evidence 
that the O~ ion formed in electron impact processes may 
exist in a very loosely bound excited state. The process 
NO—N+0O- has been studied also. The results, when 
compared with the work of Hanson,’ indicate that dissocia- 
tion products of zero kinetic energy are not formed. The 
Ot ions from the process NON +-O* manifest an ion peak 
shape which is entirely different from any previously ob- 
served. Three possible interpretations of this peak will be 
presented as a part of a more extensive study of ion peak 
shapes formed in a mass spectrometer. From such an 
investigation and from the measurement of appearance 
potentials on the peak information concerning the heat of 
dissociation of the molecule, the type of potential energy 
curve involved and its position with respect to that of the 
ground electronic state may be obtained. 

1E. E. Hanson, Phys. Rev. 51, 86 (1937). 


?W. W. Lozier, Phys. Rev. 46, 268 (1934). 
*H. D. Hagstrum and J. T. Tate, Phys. Rev. 55, 1136(A) (1939). 


32. Dissociation of NH; by Electron Impact. MARVIN 
M. Mann, ANDREW HusTRULID AND JouN T. Tate, Uni- 
versity of Minnesota.—A mass-spectrometric study of the 
ionization and dissociation of NH; by electron impact has 
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been made. The ions which have been observed, their 
appearance potentials, and their relative intensities, are 
given in the table. 


APPEARANCE POTENTIAL 


Ion ABUNDANCE (VOLTS) 
NHs;t 100 10.5 +0.2 
NH:2* 78.2 15.7+0.2 
NH*t 4.5 19.5 and 24.0 sat 0) 
N* 1.7 24.3 and 28.2 (+1.0) 
+ 0.7 22.8 and 26.5 (+1.0) 
NH;t*t* 0.03 42.033 


No evidence that any of these ions result from secondary 
processes has been observed. The value of 10.5 volts for the 
ionizing potential of ammonia is slightly lower than that of 
11.2, reported by Bartlett,’ and 11.1, reported by Mackay.? 


1 Bartlett, Phys. Rev. 33, 169 (1929). 
? Mackay, Phys. Rev. 24, 319 (1924). 


33. Collision Cross Sections of Li Atoms and Li, Mole- 
cules Scattered in He and in A. PauL RosENBERG, Colum- 
bia University —The gas-kinetic collision cross sections of 
Li,atoms and Li; molecules are measured under identical 
conditions. A beam of neutral Li atoms contains approxi- 
mately 1 percent of neutral Li; molecules. To obtain a 
beam of Liz molecules, the atoms are deflected completely 
out of the beam by an inhomogeneous magnetic field which 
does not appreciably deflect the molecules. The beam, 
which has a temperature of approximately 956°K, is scat- 
tered by a gas which is at room temperature. The scattering 
gas is confined to a small portion of the length of the beam. 
Particles of the beam which are scattered through an angle 
greater than 45 seconds miss the detector. The intensity of 
the beam is measured as a function of the density of the 
scattering gas. The table gives the results for two different 


scattering gases, helium and argon. 
RATIO oF Cross 


EFFECTIVE SECTION OF Lis 
CoLuision Cross MOLECULE TO 
SECTION PERCENT Cross SECTION 
cm? X 108 ACCURACY or Li Atom 
Li in He 114.4 2.0 
1.60 
Lie in He 183.1 3.5 
Li inA- 368. 2.5 
, 1.52 
Liz in A 558. Ss. . 


The ratio of the cross section of the Liz molecule to the 
cross section of the Li atom remains sensibly constant 
although the cross sections themselves change by a factor 
greater than 3 when going from He to A. The same phenom- 
enon has been observed! for K atoms and K;z molecules. 


1 P,. Rosenberg, Phys. Rev. 55, 1267 (1939). 


34. Theory of Isotope Separation by Thermal Diffusion: 
The Cylindrical Case. W. H. Furry anp R. CLARK JONEs, 
Harvard University.—The theory recently developed for the 
plane case! has been extended to cover the cylindrical case. 
The solution is for a gas whose properties have Maxwellian 
temperature dependences, and is equally valid for appara- 
tus with small and large ratios of radii, i.e., of the type used 
by Brewer and Bramley, and by Nier® on the one hand, and 
by Clusius and Dickel on the other. The solution is in 
closed form, although the final integrals yielding H and K 
must be found numerically. A solution in series, valid for 
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ratios of radii not far from unity, has also been obtained. 
The solution for the case 72/7; =2, r:1/r2=1.455, indicates 
that the values of H, K, and Ka, as computed by the 
formulae for the plane case,’ should be multiplied by the 
correction factors 1.13, 1.21, and 0.96. These corrections 
reduce the discrepancy between the thcory and the experi- 
mental results of Nier* from 17 percent to 4.5 percent, if a 
parasitic remixing of K,/K =0.50 is assumed. The case of 
T:/T:=6, r:/t2=79.4 has also been computed. If, in each 
of these two cases, the outer radius is adjusted to obtain a 
maximum Ag=H/2(K+XKa) for the same gas at the same 
pressure, with the same power input per unit length, the 
ratios of the H’s and of the Aq’s are 0.825 and 1.73. Con- 
sidering AgH as a measure of efficiency, we find that in this 
case the hot wire apparatus is 1.43 times as efficient as the 
concentric tube type. 


1W. H. Furry, R. Clark Jones and L. Onsager, Phys. Rev. 55, 1083 


(1939). 
2A. O. Nier, Phys. Rev. 75, 30 (1940). 


35. Separation of Isotopes by Thermal Diffusion. Lars 
OnSAGER, Yale University.—The most advantageous opera- 
tion of the Clusius-Dickel process from any one point of 
view depends on the choice of K¢e/Kp=the ratio of con- 
vection to diffusion. This ratio varies as g*/*/D*, where 
/=linear dimension of the apparatus, D=the mean coeffi- 
cient of diffusion, and g=980 cm/sec.?. The choice of 
Ke/Kop will generally depend on a compromise between the 
considerations of concentration, output and hold-up, the 
inconveniences of very large or very small apparatus, and 
power consumption. The lowest value of K¢/Kp that seems 
advantageous from any point of view is 4; the upper limit 
is set by the critical condition for turbulence. 


36. Thermal Separation of Isotopes. WILLIAM W. Wat- 
son, Yale University—The construction and operation of a 
multi-stage apparatus for the concentration of C'* by the 
method of thermal diffusion are discussed. The apparatus is 
built entirely of copper pipe, each unit being based on a 
}-inch G.E. calrod heater of 2 meters effective heating 
length. To increase the efficiency, successive groups of two 
units have smaller spacing between hot and cold surfaces, 
and in all units heat losses by conduction at the ends are 
minimized by use of stainless steel connecters. Tests with 
methane and with CH,4-Nz mixtures show that (1) the 
convection flow of the gas is lamellar, (2) convective 
coupling of the bottom of one unit to the top of the next 
by means of two pipes, one of which is heated, functions 
well, since two units so coupled have a separation factor 
approximately the square of that of a single unit, (3) two 
units produce 2.77 percent C'*. A 1-meter scrubbing column 
is placed ahead of the first column, fresh gas is introduced 
into a coupling pipe at the bottom of the scrubber and gas 
slightly enriched in C'* valved-off at the top. Other details 
of a six-unit model to produce 20 percent C" are presented. 


37. Carbon Isotopes of Mass Ten and Eleven. W. H. 
BarkKas,* E. C, Creutz, L. A. Detsasso, J. G. Fox AND 
M. G. WuiteE, Princeton University —In earlier work in 
this laboratory' the bombardment of boron with high 
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energy protons was found to yield C" from B" by a (,n) 
reaction. It has now been observed that a further period of 
8.8+0.8 sec. assignable to C'® according to the reaction 
B'%(p,n)C'® is present when the proton energy exceeds 
about 5.6 Mev. Other conceivable reactions lead to well. 
known nuclei, or to B® by B'(p,D)B*. B®, however, is 
probably unstable against disintegration into heavy parti. 
cles.? It has been found possible to study the C1 activity 
in the presence of the very intense radiation from Cu by 
absorbing out a large part of the softer radiation from cu 
Experiments on the absorption of the beta rays of Cu ip 
aluminum and the measurement of the upper limit of the 
spectrum in an expansion chamber indicate that the dis. 
integration energy of C" into B" is less than that formerly 
obtained.* Work on the beta-ray energy of C!® is in Progress, 
The carbon isotope of mass ten is of considerable interest as 
it is the first example to be reported of a nucleus with two 
more protons than neutrons. The binding energy of Cw 
relative to Be'® provides information on the coulomb 
energy, while its binding energy relative to B", like that 
of its isobar Be"®, furnishes data on the spin dependent forces, 

WH. Barkas, Phys: ‘Rev, 86; 287 (130 ncetom New Jerey, 


2H. A. Bethe, Phys. Rev. 54, 436 (1938). 
* Fowler, Delsasso and Lauritsen, Phys. Rev. 49, 561 (1936). 


38. New Evidence on Particles of the Light Wave- 
Length Size. FELIX EHRENHAFT, formerly at Vienng 
University. (Introduced by W. L. Severinghaus.)—The solu- 
tion of the old unsolved problem of measuring correctly 
bodies of a diameter of light wave-length size can be reached 
by shoving together two equally sized spheres under a 
microscope using a micromanipulator. The images overlap, 
thus rendering possible a determination of the true size of 
those spheres. The velocities of fall of the same spheres 
have been measured at several increasingly high gas 
pressures up to a region where the application of Stokes’ 
formula is justified. From that formula a value of the 
diameter is obtained which equals exactly the one resulting 
from the above independent method. Another way to treat 
it is to determine the size of a sphere by the optical method, 
and then from the velocities of fall its density, which came 
out exactly equal to that of the macroscopic substance. 
Those accurate methods are of importance for instance for 
the author’s method of determining the electric charge of a 
single sphere, and also for new questions arising from photo- 
phoresis, the motion of particles under the influence of an 
intense beam of light. There are several grave difficulties 
in explaining photophoretic forces as a difference action of 
pressure of light (Kepler)—light positive—and radiometer 
(Crookes) forces—light positive or light negative. For 
highly reflecting silver particles can move toward the light 
(light negative) and above all because attracting forces of 
the same order of magnitude were also found in liquids 
where radiometer forces do not exist. 


39. On the Ratio of c, e, and &. ALFRED Lanpé, Ohio 
State University—The relation between the universal con- 
stants c, ¢, h is reduced to an eigenvalue problem. Sommer 
feld’s fine structure constant a =e*/ch appears as the eigen 
value of an integral equation for y(Ar) where Ar is the 
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Dirac signal radius of an electric particle whose rest signal 
radius is a=2e?/3me*. If At is the time saved by a light 
signal (Dirac) then (cAt)!?—Ar?=—a? is an equation 
“reciprocal” to Einstein’s (E/c—p2=b? with b=me. 
Relativity and quantum theory then lead to an integral 
equation for the amplitude of finding various values of p: 
x(p) =(a/3x) SSx(p’) exp {(i/h)[Ar(p— p’)—At(E—E’)}} 
XdVard Vp, in which, according to Born, (E/c)* and (cAt)? 
are to be replaced by b*+p* and by Ar?—a?. The elements 
dV are invariant volume elements. In the proper space of 
P,=sinh~ (p/b) and Do=cosh™ (Ar/a) the integral equa- 
tions for x(p) and y(Ar) are identical and can be reduced to 
the one-dimensional equation ¢(s) =(2a/3) f(s’) L(s,s’,«) 
xs’ where L is a real positive symmetric kernel consisting 
of four Bessel functions L=Ko(x:)—Ko(x2)+Ko(xs) 
—Ky(x.) with the arguments x= (4a/3) oe [ASF s’)). 
The physical value of a is presumed to be the smallest 
eigenvalue of the integral equation. The theory is based on 
preliminary results of Born and the wr ter and on Dirac's 


result that an electric particle has a signal radius. 


Frank. I 228, 495 (1939) 

Landé, J. Frank. Inst. 228, " 

A. Lande, be Roy. Soc. Edinburgh 49, 219 (1939). 
Pp. A. M. Dirac, Proc. Roy. Soc. A167, 148 (1938). 


40. A High Efficiency Ion Source. A. T. FINKELSTEIN 
anp Ltoyp P. Smitu, Cornell University—An ion source 
has been built which is capable of producing intense ionic 
beams of any material which acquires an appreciable vapor 
pressure below 2000°C. The ionizing electrons are held in a 
beam by an axial magnetic field, and are made to oscillate 
through the region occupied by the gas with energies cor- 
responding to the maximum ionization probability. The ion 
current produced in this manner is 20 to 40 times that which 
would be expected from the cathode emission current. The 
electronic space charge is used to withdraw the ion beam 
and hold the beam together. Using potentials’no greater 
than 60 volts, hydrogen ion beams of 150 milliamperes and 
calcium ion beams of 80 milliamperes have been obtained. 


41. Electrostatic Generator for Nuclear Research at 
M.I. T. D. L. Norturup, L. C. Van Atta, R. J. VAN DE 
GraaFF AND J. S. CLARK, Massachusetts Institute of Tech- 
nology.—The electrostatic generator! formerly located at 
Round Hill was transferred in October 1937 to the M. I. T. 
grounds in Cambridge. The generator is now housed in a 
welded steel shell with underground rooms for belt ma- 
chinery and target equipment. The two units of the gen- 
erator structure are erected with terminals in contact to 
obtain in effect a single high voltage terminal supported on 
two insulating columns. The charging belts are located in 
one column and the accelerating tube in the other. This 
arrangement with grounded target limits the voltage to 2.5 
Mev but greatly facilitates its use and makes possible 
adequate radiation shielding. Three rubber fabric belts 
supply currents up to 4 ma. The generator is operated 
entirely by remote control from a station in the adjoining 
laboratory building. At this station are located also controls 
for vacuum and other auxiliary apparatus, and detection 
equipment for the operation of counters and ionization 
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chambers at the target. The moving and re-erection of the 
generator structure and the construction of a new charging 
belt assembly and a remote control system required some- 
what less than a year. The reliable performance of the 
installation has facilitated its application to the accelera- 
tion of positive ion and electron beams as described in the 
following abstract. 

1 Phys. Rev. 49, 761 (1936). 


42. Progress Report on the High Voltage Production of 
Positive Ion and Electron Beams. C. M. Van Arta, R. J. 
VAN DE Graarr, L. C. VAN Atta AND D. L. Norturup, 
Massachusetts Institute of Technology.—An account will be 
given of the production of beams of positive ions and elec- 
trons by means of the generator installation described in 
the previous abstract and an accelerating tube of the 
general type described earlier. The tube is mounted axially 
inside one of the upright cylindrical generator columns 
which affords the necessary corona shielding. The 23-foot 
insulating portion of the tube is composed of 52 cylindrical 
porcelain sections 12 inches in diameter separated by steel 
diaphragms. Both oil and mercury diffusion pumps have 
been used in evacuating the tube, the lowest pressure of gas 
plus vapor (6X 10-7 mm Hg) and the cleanest surface condi- 
tions being obtained with the mercury pump. With positive 
ion sources of the capillary diffusion type? and with various 
arrangements for initial focusing, ion beams up to 0.1 ma 
unanalyzed were obtained on a 5-cm beryllium target. 
With electrons, beam currents up to 1 ma were obtained 
on lead and gold targets. For well-focused beams, an 
electron-gun source and magnetic-field compensation along 
the tube proved desirable. The x-rays produced at the 
target, after some preliminary intensity measurements,’ 
are now being applied to the study of indium activation 
and beryllium disintegration. This research was supported 
in part by grants from Research Corporation. 


1 Phys. Rev. 51, 1013 (1937). 
? E.S. Lamar, E. W. Samson, K.T.Compton, Phys. Rev. 48,886 (1935). 
*Am. J. Roentgenology and Radium Therapy 41, 633 (1939). 


43. The Measurement of Discharge Characteristics of 
Geiger-Mueller Counters. W. E. Ramsey, Bartol Research 
Foundation of the Franklin Institute. (Introduced by C. G. 
Montgomery.)—An experimental method is presented for 
determining directly the voltage-time relationship of a 
counter wire during the interval which begins with the 
initiation of the discharge and ends when the wire has 
achieved its maximum negative potential. The procedure 
alléws for the measurement of times ranging from 2.0 10~’ 
second to 1.0 10~ second, and wire potentials between 20 
volts and 350 volts. Studies indicate that the relation 
V=(Qo/c log (t/to+1) represents the data over a consider- 
able range of voltages and times. Here V is the potential 
of the counter wire, ¢ is the time, ¢ is the capacity of the 
counter wire system, and Qo and ¢ are parameters deter- 
mined by counter constants and cylinder voltage. It follows 
from this relation that the current in the counter is in- 
versely proportional to the time. Discharge characteristics 
were measured for a series of pressures of an argon-oxygen 
mixture and in each case a relation of the form indicated 
was found to represent the data. An argon-alcohol counter, 








generally spoken of as ‘‘self-quenching,” has characteristics 
of the same form. When cylinder voltage is adjusted for 
equality of pulse size, & « 1/pressure. 


44. The Discharge Mechanism of Geiger-Mueller Coun- 
ters. C. G. MONTGOMERY AND D. D. Montcomery, Bartol 
Research Foundation of the Franklin Institute—The meas- 
urements of W. E. Ramsey on the variation with time of the 
potential across a Geiger-Mueller counter (see preceding 
abstract) are interpreted on the basis of the inductive 
action of the positive ion space charge moving across the 
counter. This inductive action, together with the hypoth- 
esis that the positive ions may eject electrons when they 
reach the cathode, furnishes a reasonable explanation of 
both the fast and slow types of breakdown of counters. 
This postulated mechanism leads to simple explanations of 
the quenching of a counter discharge and the necessary 
conditions for the maintenance of a steady discharge. In 
particular, it is predicted and verified experimentally that 
it is possible to operate a counter even when the potential is 
considerably in excess of that required for a continuous 
discharge, provided that the capacity of the counter wire is 
sufficiently reduced. A simple, although indirect, method is 
described for measuring the breakdown characteristic of a 
counter which gives results in good agreement with the 
direct determinations of W. E. Ramsey. 


45. The Interval Selector: A Device for Studying Time 
Distribution of Pulses. ARTHUR ROBERTs, Massachusetts 
Institute of Technology—A vacuum tube device for the 
study of the distribution in time of voltage pulses from a 
discharge counter, linear amplifier, etc., or a combination of 
these has been developed. This apparatus, which we have 
called an interval selector, records the number of those 
intervals in any distribution whose duration is equal to or 
less than t, where ¢ is controlled and variable. In the present 
instrument ¢ may be set at any value from 4-10~ to 0.3 
second. A simple method for the study of the time dis- 
tribution of pulses from a discharge counter has thus been 
made available, and is proving to be of value in detecting 
spurious effects. A study of the behavior of the various 
circuits for quenching discharge counters is in progress, as 
well as a cooperative survey of counters made and used in 
various laboratories. The resolving times of counters and 
counter circuits have been measured and compared. The 
self-quenched alcohol-filled counter has the shortest resolv- 
ing time, but we have as yet been unable to produce com- 
pletely satisfactory counters of this type. The interval 
selector may be used for the measurement of radioactive 
decay periods of the order of 10~* to 1 second. 


46. A Theory on Excitation of Phosphorescence by 
Cathode Rays. U. Fano, Washington Biophysical Institute. 
(Introduced by E. Teller.}—Phosphorescence produced by 
cathode rays of from 200 to some thousands of volts con- 
verts into light a very small fraction of the electronic 
energy (~10-? to 10-*), nearly proportional to the voltage.’ 
On the other hand, a- or ultraviolet rays produce phos- 
phorescence with an efficiency nearly 1; the excitation 
energy released by a-particles may diffuse far away (~1075 
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to 10 cm) before being absorbed by phosphorescent 
atoms.? These facts may be explained tentatively ag fo}. 
lows: In the interior of a phosphorescent crystal the en, 
of an excitation may hardly be destroyed except by emis. 
sion of light by the phosphorescent atoms. The situation 
may be quite different on the surface of the Crystal, where 
other phenomena may be assumed to destroy the eXcita- 
tion. Under these assumptions the energy of soft cathode 
rays, which is absorbed within a thin superficial layer 
would have a large chance to reach the surface by diffusion 
and hence to be lost before being converted into light 
Theoretical analysis shows that in our case: (a) The eff. 
ciency, if small, should be approximately equal to the 
average depth of production of the excitations divided by 
the range of diffusion of the excitations (for instance: 
10-7 cm/10~* cm = 107*); (6) the average depth is Propor- 
tional to the electronic free path for elastic scattering; (¢) 
this free path—and hence the efficiency—is proportional} tp 
the initial energy. 

1 T. B. Brown, J. Opt. Soc. Am. 27, 186 (1937); W. H. Nottingham, 


J. App. Phys. 8, 762 (1937). 
? For instance, O. Riehl, Ann. d. Physik 29, 636 (1937). 


47. The Zeeman Effect in Rhodium at 95,000 Gauss. 
J. P. MoLNar AND W. J. Hitcucock, Massachusetts Insij. 
tute of Technology.—Using the new 100,000-gauss magnet 
designed by Bitter,' the arc spectrum of rhodium has been 
photographed in magnetic fields ranging from 70,000 to 
95,000 gauss on 180,000 line gratings mounted on a 35-ft. 
Rowland circle. Lines from both Rh I and Rh II came out 
very strongly in the photographs. More than 250 resolved 
patterns and 75 partially resolved patterns of Rh I have 
been measured and reduced, so that g values are now avail- 
able for all of the lowest 70 levels. For many levels the 
accuracy is high, there being more than twenty transitions 
to them for which Zeeman patterns have been measured. 
The Zeeman patterns gave an excellent means of checking 
and extending Sommer’s* analysis of the spectrum. For 
the ground state configuration, 4d*5s, the g values are very 
near those given by the Landé formula for LS coupling, if 
the interaction of the 4d® configuration is taken into ac- 
count. The g sum rule is found to be valid to a high degree 
of accuracy for all levels of the 4d*5s and 4d* configuration, 
and for those levels of the excited 4d*5p configuration 
which have been identified. 


1G. R. Harrison and F. Bitter, Phys. Rev. 57, 15 (1940). 
2L. A. Sommer, Zeits. f. Physik 45, 147 (1927). 


48. A New Optical Method for the Determination of 
the Principal Stress Sum. Davip SINcLarrR, Columbia 
University —The usual photoelastic method of plane stress 
analysis affords a direct measurement of the magnitude of 
the principal stress difference and the directions of the 
individual principal stresses at every point of a plane 
model. Various methods! have been devised for the direct 
measurement of the magnitude of the individual principal 
stresses or the principal stress sum. The present paper* de- 
scribes a transmission method for obtaining the magnitude 
of the principal stress sum over the whole model at once. 
Duplicate Bakelite models are placed in a Jamin inter- 
ferometer and the interference fringes in the loaded models 
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are observed in unpolarized, monochromatic light. By 
means of a quartz plate a 90° rotation of the light vectors is 
effected between the two models. This eliminates the affect 
of the birefringence induced by the stress, so that the 
ges observed are fringes of equal model thickness pro- 
ional to P+Q, the principal stress sum. The method is 
applied to determine the stress in a mine pillar and a hori- 
zontal tunnel under conditions which allow these structures 
to be represented by statically loaded models. 


frin 


TED. Mindlin, J. App. Phys. 10, 222 (1939); Max M. Frocht, ibid. 
10, 248 (19 paper by D. Sinclair and P. B. Bucky, A.I.M.E. Tech. 


Pub. 1140 (1940). 


49. Raman Spectra of Acetylenes. Forrest F. CLEVE- 
LAND AND M. J. Murray, Armour Institute of Technology. 
—Continuing previous work, Raman spectra have been 
obtained for two monosubstituted and two disubstituted 
acetylenes: I Dimethylethynylcarbinol, II 1-Ethynylcyclo- 
hexanol, 111 Di-n-amylacetylene, and 1V Phenyliodoacetyl- 
ene. The region of primary interest was that near 2200 cm™ 
in which the following frequencies were observed: For I, 
2089(3), 2112(10)0.4; for II, 2107(96)0.4; for III, 2231(7)0.5, 
2248(2), 2294(4)0.6; for IV, 2172(10). The outstanding 
result is that fwo frequencies were observed for I, whereas 
monosubstituted acetylenes previously measured show 
only one. It does not seem possible to account for 2089 
by resonance with an overtone or a combination frequency. 
It is conceivable that the doubling may be due to resonance 
with the parallel infra-red active frequency, but it seems 
probable that this frequency would be too low for such 
interaction. 2089 may be due to some impurity, but this 
also seems improbable because the liquid had a sharp 
boiling point and because no likely impurity has a line at 
this frequency. The three frequencies in III may possibly 
be the result of resonance interaction with the combination 
frequencies 970+ 1271, 102441221, and 1024+1271. The 
observance of only one line for IV, rather than the two 
usually observed for disubstituted acetylenes, may be due 
to the short exposures required by the rapid yellowing when 
irradiated by Hg 4358A. 


50. The Infra-Red Absorption Spectra of Ammonium 
Halides. DuDLEY WILLIAMs, University of Florida.—The 
absorption measurements of Reinkober' have been re- 


_peated for the purpose of obtaining a check on his results 


in the case of solid-to-solution variations in the spectra 
of ammonium compounds. The transmission of fine powders 
of NH,F, NH,Cl, and NH,Br was compared with that of 
aqueous solutions of the same materials. Ammonium iodide 
was studied only in solution. The absorption curves ob- 
tained in the present work were in close agreement with 
the previously published data. The bands near 5.9% and 
7.0u appear at definitely shorter wave-lengths in the solu- 
tion spectra, as reported by Reinkober. However, this 
author’s interpretation of the absorption maxima occurring 
near 3.24 seems open to criticism. If the solvent frequencies 
remain unchanged, it is probable that the ammonium 
frequencies responsible for the band near 3.2 may actually 


decrease when the salts are dissolved. The present infra-red 
results are compared with the existing Raman data. 


( 10. Reinkober, Zeits. f. Physik 3, 1 (1920); 5, 192 (1921); 35, 179 
1926). 


51. Sensitization of Photoelectric Surfaces by Electric 
Discharges in Water Vapor and Atomic Hydrogen.* J. T. 
TYKOCINER, JAKOB Kunz AND L. P. Garner, University 
of Illinois.—Photoelectric surfaces, especially those ob- 
tained by depositing alkali metal vapors, were studied when 
treated with electric discharges in pure rarified water 
vapor. It was found that the photoelectric emission in- 
creases with the duration of the discharge, reaches a 
maximum and then decreases rapidly. If during the inter- 
mediate stages the cell is evacuated while the alkali surface 
is bombarded with electrons ejected from a thermionic 
source and accelerated in an electric field, the photo- 
electric sensitivity of the surface is not only restored but 
may exceed the maximum values obtained when subjecting 
it solely to electric discharges. Potassium photoelectric 
vacuum cells sensitized by a succession of discharges in 
water vapor and of thermionic bombardments give a sensi- 
tivity about twenty times larger than that of an average 
Kunz’s hydride vacuum cell. The essential condition neces- 
sary for effective sensitization is that the discharge show, 
when viewed through a spectroscope, a predominance in 
intensity of Balmer lines as compared with the bands 
which should be hardly visible. This indicates that mainly 
neutral hydrogen atoms are involved in the process of 
formation of a sensitive film upon the potassium layer. 
High sensitivities were also obtained by subjecting alkali 
surfaces consecutively to. atomic hydrogen produced by 
thermic dissociation of Hz and to thermionic bombard- 
ment. However, more stable photosensitive surfaces were 
obtained by discharges in water vapor. Details of this 
investigation will be published in a Bulletin of the Uni- 
versity of Illinois Engineering Experiment Station, 


* Read by title. 


52. Transmission Measurements with Indium Reso- 
nance Neutrons (1 ev>£>0.5 ev). H. B. HANSTEIN AND 
J. R. DunninG, Columbia University.—A systematic study 
is being made of total cross sections (scattering+capture) 
of various elements with a parallel beam of indium reso- 
nance neutrons (D-neutrons). Low energy neutrons are 
produced in a thin paraffin block exposed to fast neutrons 
from the proton-Be reaction in the cyclotron. The col- 
limator consists of a boron-cadmium-indium-lined enclo- 
sure with diaphragms, so constructed as accurately to 
define a beam of neutrons 6 cm in diameter, with the 
detector located 35 cm from the effective neutron source. 
Samples are placed midway between source and detector, 
and behind a central collimating diaphragm. Large in- 
tensities are obtained so that the activities of very thin 
indium detectors and indium monitors can be measured 
with high precision by an ionization chamber-electrometer 
system. Transmission values are obtained by a filter 
method employing open beam and sample readings with 
and without a thin indium filter (0.029 g/cm*). Preliminary 
results shown in the table for some elements having small 
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capture cross sections indicate only small changes from 
thermal neutron values. Comparison measurements using 
cadmium resonance neutrons agree well with boron ioniza- 
tion chamber results. 


ELEMENT Cross SECTION X 10% cm? 
Cc 4.80 
Cu 7.88 
Pb 9.30 
Bi 8.34 


53. Neutron Transmission Studies in Fe-Ni Alloys. 
F. C. Nrx, Bell Telephone Laboratories, anv H. G. BEYER 
AND J. R. DuNNING, Columbia University.—It has been 
previously! shown that the thermal neutron cross section 
of a 78 atomic percent Ni iron-nickel alloy is not an 
additive property of the cross sections of the pure com- 
ponents. X-ray* * and specific heat measurements have 
shown the existence of order in Fe-Ni alloys. A series of 
Fe-Ni alloys were produced from high purity electrolytic 
nickel and carbonyl iron. All were vacuum annealed for a 
period of four hours at 950°C. One plate of each composi- 
tion was then drastically quenched in low vapor pressure 
oil, while the others were annealed in an evacuated tube 
at 490°C for 30 days and then cooled 10°C per day to 
345°C from which temperature they were allowed to cool 
to room temperature in two days. Microscopic examina- 
tion of the final specimens displayed an excellent uni- 
formity in crystallite size. The only significant difference 
between the quenched and annealed alloys for any com- 
position is in the degree ‘of order as the lattice parameter 
change is trivial. Representing by p, and p, the trans- 
mission of the quenched and annealed plates, respectively, 
the values of 100().—,)/P. for various concentrations of 
Ni are: 


TABLE I. 
ATOMIC 
PERCENT Ni 100 85 75 55 45 35 0 
to— #8 x 100 ~09 85 93 82 25 13 4-06 


The differences in neutron transmission for corresponding 
samples should be correlated with change in order. 
1M. D. Whittaker and H. G. Beyer, Phys. Rev. 55, 1124 (1939). 


2 P. Leech and C. Sykes, Phil. Mag. 27, 742 (1939). 
3S. Kaya and M. Nakayama, Zeits. f. Physik 112, 420 (1939). 


54. Distribution in Energy of the Fragments from 
Uranium Fission. M. H. KANNER AND H. H. BARSCHALL, 
Princeton University.—The energy distribution of the frag- 
ments from the fission of U has been measured by the 
ionization method.! Number-ionization curves have been 
obtained for the single fragments from a thin U layer 
sputtered on a thick plate and also for simultaneous pairs 
of fragments due to single fission processes. The latter 
were found using a thin layer of U sputtered on an Al 
foil of 1.1 mm air equivalent. The measurements were 
made in air. The ionization of the fragments was compared 
with the ionization produced by a-particles from ThC’, 
assuming that the energy for producing an ion-pair is 
the same in both cases. The single-fragment distribution 
has two peaks at 64 and 97 Mev. The pair distribution has 
a single peak at 159 Mev. The latter value is a measure of 
the kinetic energy released in the process and is in agree- 


ment with Henderson’s*? value found by measuring the 
heat evolved in the fission process. The masses of the 
recoil nuclei calculated from the energy ratio of the g 
fragment peaks are 96 and 143, in the same region as those 
found from chemical separation of the active fragments, 
1W. Jentschke and F. Prankl, Naturwiss. 27, 134 (1939), ¢ 
(15907 BT Boothe j. Re Dunning and 8G Slack, Ro 22 
981 (1939). aati ea - hnye. Rev 
2M. C. Henderson, Phys. Rev. 56, 703 (1939). 
55. Radioactive Products from Gases Produced jg 
Uranium Fission. G. N. GLAsoe, Columbia University 
AND J. STEIGMAN, College of the City of New York—Some 
radioactive products from the gases produced in uranium 
fission have been studied as to their chemical identity ang 
characteristic half-life periods. Two Rb activities have 
been observed, one which decays with a 15-min, Period 
into an active Sr with a half-life of the order of 50 days; 
the other decays with a 17.5-min.' period into an appar. 
ently inactive end product. The parent of the 15-min, Rb 
is a gas with a half-life of a few minutes, whereas the other 
Rb arises from a gas with a period of 175 min. The two 
products are further distinguished by the fact that absorp. 
tion in Al shows the emission from the 17.5 min. Rb to 
have the higher energy. In a similar manner a Cs has been 
observed which decays with a 33 min." half-life into a By 
which is inactive or of very long or short period with no 
evidence of the 300-hr. period reported by Hahn ang 
Strassmann. This is judged by the fact that the logarithmic 
decay curve is linear over a factor of 1000 in intensity, 
This Cs is the product of a gas with a period of 18 min, 


1 Hahn and Strassmann, Physik. Zeits. 40, 673 (1939). 


56. Resonance Capture of Neutrons by Uranium 
HERBERT L. ANDERSON, Columbia University.—The res. 
nance capture of neutrons by uranium has been studied 
using thin detectors of UX-free uranyl nitrate and good 
geometry, which is possible with the intense source of 
neutrons available from the cyclotron. The correction for 
the finite thickness of the detector amounted to about 
3 percent while that for obliquity was about 2 percent, 
Using several thicknesses of boron carbide as absorbers 
the absorption coefficient of boron for the uranium res 
nance neutrons was found to be 2.0+0.5 cm*/g. This 
corresponds to a resonance energy of about 5 ev. The cros 
section at resonance was measured using uranium oxide 
absorbers. The experimental value, taking into account 
the phenomenon of self-reversal, turned out to be 5 
X10-* cm*. If the single level formula of Breit-Wigne 
holds and the Doppler width can be neglected compared 
the natural width the cross section at resonance should 
instead 10,000 x 10-* cm*. The values 5 ev and 5000X10* 
cm? are to be compared with the values 25 ev and 1M 
<10- cm? previously obtained by Meitner, Hahn an 
Strassmann.! The new values are in better agreement with 
an interpretation based on the single level formula of tk 
capture cross section for thermal neutrons previously t 


ported.? 


1 Meitner, Hahn and Strassmann, Zeits. f. Physik 106, 249 (1937). 
2 Anderson and Fermi, Phys. Rev. 55, 1106 (1939). 
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57. The p—” Reactions in Lithium or Beryllium. J. E. 
Hut, University of Rochester.—The half-life of Be? ob- 
tained from the reaction Li’(p—n)Be’* * has been found 
to be 532 days, by following a chemically separated 
sample for over 300 days. The threshold for the reaction 
Be'(p—n) B® has been observed by measuring the slow 
neutron activity induced in silver plus paraffin and is 
found to be 1.93 +0.1 Mev.’ This gives the mass difference 
(B°— Be’) equal to 1.17+0.15 Mev and makes B® heavier 
than Be® plus a proton or two alpha-particles plus a 

on. Consequently B® cannot be radioactive as reported 
by Meitner.* As a check samples of beryllium, bombarded 
with up to 18 microampere hours of 6.5-Mev protons, 
have been placed inside an ionization chamber so that the 
very soft positrons expected could be observed. A number 
of periods were observed but none of these had the soft 
radiation which is required for B®, if it were radioactive. 
TL A. DuBridge, Phys. Rev. 55, 603(A) (1939). 


_ Hill and G. E. Valley, Phys. Rev. 55, 678(A) (1939). 
: L en Washington meeting April 27, 1939, but not included 


bstract. 
—— Meitner, Naturwiss. 22, 420 (1934). 


58. Beryllium (f,n) Threshold. R. O. Haxsy,* W. E. 
Suourr,* W. E. StEPHENS,* AND W. H. WELLs, Westing- 
house Research Laboratories.—Using high energy protons 
from the Westinghouse pressure electrostatic generator, 
we have bombarded beryllium and measured the threshold 
for the production of neutrons. The neutrons were detected 
in a boron trifluoride ionization chamber surrounded with 
paraffin and connected to a linear amplifier and counter. 
The voltage was calibrated against the 0.862-Mev fluorine 
y-ray resonance using H;* and H;*. The threshold occurs 
at a proton energy Ep=2.01+0.01 Mev. This gives 
0:=1.81+0.01 Mev. Since this is higher than 1.63 Mev, 
the Q value expected for the noncapture disintegration of 
beryllium, we are led to the assumption that B® is formed 
in the reaction 

Be®(p,") B®—Qy. 


Using this reaction and 


Be®(p,d) Be®+-0.557 +0.006 Mev! 
and 
D(y,p)n—2.183 +0.010 Mev,? 
we calculate 
B®— (Be®+H’) =0.184+0.015 Mev. 


Hence B® should disintegrate into heavy particles. Our 
threshold is lower than that of Hill (Ep=2.14+0.07 Mev)* 
but confirms and makes more accurate his original sugges- 
tion that B® is formed and disintegrates into heavy par- 
ticles. We have also bombarded boron carbide with protons 
and similarly observed the energy threshold for neutron 
production. Preliminary results give 


Ep=3.00+0.05 Mev for B"(pn)C", 


* Westinghouse Research Fellow. 

1 Skaggs, Phys. Rev. 56, 24 (1939). 

* Rogers and Rogers, Phys. Rev. 55, 269 (1939); Bethe, Phys. Rev. 
53, 313 (1938); Stetter and Jentschke, Zeits. f. Physik 110, 214 (1938); 
Richardson and Emo, Phys. Rev. 53, 234 (1938). 

J at Washington meeting of the Physical Society April, 
1939. We are indebted to Dr. Hill and Dr. DuBridge for informing us 
of their experiments. 
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59. Deuteron Bombardment of the Separated Isotopes 
of Neon. ERNEst POLLARD AND WILLIAM W. Watson, 
Yale University.—Large samples of neon enriched in both 
isotopes have been produced by the thermal diffusion 
method for bombardment with a 2.5-Mev deuteron beam. 
The separation apparatus consisted of a single two-meter 
column with a temperature difference of 400°C between 
surfaces. Starting with 1} atmospheres pressure, after 
20 hours the apparatus was bled at the “light” end down 
to atmospheric pressure, with the gas continuously circu- 
lated convectively between the “heavy” end and a 250-cc 
flask. The bombardment of Ne®* gives rise to stable Ne* 
while Ne® yields Ne* of a period which we find to be 
43+5 seconds. The ratio (2.0) of the activities of Ne* 
gives the ratio of the amount of Ne” in the samples. The 
protons of greater than 16-cm range from the two samples 
were found to fall into three groups, A, B, and C, of energy 
change values 2.28, 3.33, and 5.08 Mev. Assuming the 
process Ne®-+-D*-> Ne*!+-H!, group C gives 20.9999 for the 
mass of Ne*, agreeing with 20.99968 (Bainbridge), and so 
is due to Ne™. The value of the yields are: 


HEAVY 


0.20 
0.45 


LiGut 


0.15 
0.44 


B/A 


(+0.05 
C/A 


(+0.05 


Thus A and C have the same origin, Ne®->Ne™. The B 
group might be a superposition of groups due to Ne* and 
Ne™ but is probably also due to Ne”. The large yield of 
Ne®* indicates a proton group of range less than 16 cm. 


60. Radioactivity Induced in Neon and Aluminum by 
Protons. E. C. Creutz, J. G. Fox anp R. Sutton, Prince- 
ton University—We have bombarded neon with 6-Mev 
protons and obtained a radioactivity of half-life 23 sec. 
+2 sec. which we assign to Na* because all other ener- 
getically possible reactions on the three isotopes of neon 
lead to known periods > 1 minute. Since the nuclei Na™ 
and Ne* differ only in the interchange of neutrons and 
protons, these isobars are of interest in connection with 
the hypothesis that the difference in energy of such nuclei 
is due solely to Coulomb forces. We have also bombarded 
Al with 6.2-Mev protons and observed the activity re- 
ported by Keurti and Van Voorhis' and assigned by them 
to Si*’. We obtain 4.9 sec. +1 sec. as the half-life. It should 
be pointed out that the isobars (Si*’, Al*’) are of the type 
mentioned above, with isotopic spin —4 and +4, respec- 
tively. These half-lives are of the order of magnitude to be 
expected from the calculated Coulomb energy differences 
of the isobars. 


1G. Keurti and S. N. Van Voorhis, Phys. Rev. 56, 614 (1939). 


61. A New Treatment of the Compound Nucleus. H. A. 
BETHE, Cornell University—In the past, the compound 
nucleus has always been treated using the dispersion 
method. This method describes very well the resonance 
phenomena but is unnecessarily complicated in the region 
of dense levels. We therefore propose here a continuum 
theory. The nucleus is described by a complex potential 
whose imaginary part gives the probability that a particle 
at a given point in the nucleus becomes amalgamated with 
it. The imaginary potential is assumed to fall off at the 
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nuclear boundary gradually over a distance J of the order 
of the range of the nuclear force, e.g., exponentially as 
exp [—(r—R)/l]. This model gives sticking probability 
¢=1 for high energy in agreement with experiment. At 
lower energy, {=1—exp(—2z//X) for the exponential 
potential (A=wave-length of incident particle). It is 
significant that / occurs rather than the nuclear radius R; 
on the other hand, the occurrence of 27] means that ¢ 
remains of order unity down to rather low energies (~T 
Mev). For X>>2z/l the theory gives the 1/v-law. For 
energies at which the levels become discrete, the theory 
must of course be replaced by the dispersion theory, and 
it gives meaning to the nuclear radius R introduced by 
Peierls and Kapur and thus to the potential scattering. 


62. Interaction between Alpha-Particles. HENRY Mar- 
GENAU, Yale University.—The interaction energy V of two 
alpha-particles has been calculated as a function of the 
distance between their centers, these centers being assumed 
fixed in space. If the forces between elementary particles 
are taken to be of the customary form (ordinary+3 kinds 
of exchange), V is in the first order a sum of 5 terms: 
Vwt+Vat+Vut+Vet+Exin. The last of these is always 
positive and arises from the promotion of the s particles 
as the alpha-particles approach each other. Vw and Vg 
are always negative, the others positive. For any per- 
missible choice of force constants the total V is positive 
(repulsive forces). The first-order V is zero at distances of 
separation about twice the range of nuclear forces; it rises 
to about 30 Mev for R=0. A second-order calculation 
yields attractive forces whose range is not, as is sometimes 
supposed, longer than that of the repulsive first order 
forces. Analogies with molecular problems break down for 
nuclei since the range of the forces is not large in com- 
parison with the size of the nucleus. It is indeed quite 
insufficient to calculate the second approximation after the 
fashion of van der Waals forces without exchange. An 
estimate of the second-order forces leads to the conclusion 
that V becomes sufficiently negative before it vanishes to 
allow the existence of a stable state of zero energy (Be*). 
The scattering of alpha-particles in He is discussed on the 
basis of this type of interaction. , 


63. Energy Levels Near the Ground State in Co” and 
As”. WittiaM L. Davinson, Jr., Yale University. (Intro- 
duced by Ernest Pollard.)—Absorption studies have been 
carried out on the protons arising from the transmutation 
of Co and As under bombardment by 3.1-Mev deuterons 
from the Yale cyclotron. Since each element is composed 
almost entirely of a single isotope, the reactions involved 
are almost certainly 


Co®*+H?—+Co®+H! 
As™ oo H?2— As’7é + H 1 


The cobalt target was prepared by electrolytic deposition 
of the metal on a gold foil. Arsenic was sublimed onto a 
similar gold foil. The protons were detected by a method 
already described.! The table below lists the ranges of the 
proton “groups” from each target, the resulting “Q” 


values, and the indicated excitation levels in each residual 
nucleus. 


7m OF 
OTON 
TARGET RESIDUAL “GROUPS” “Q” VALUES cnomeaat 
ELEMENT NUCLEUS (CM AIR) (MEv) ( M EV) 
Cos Cote 42.0 +2.75 3.03 
60.0 4.03 1.75 
88.5 5.78 
As As’ 55.5 3.67 2.13 
72.5 4.80 1.00 
89.5 5.80 


It is seen that the average spacing of levels near the 
ground state is somewhat greater than 1 Mey. Investiga. 
tions on the (dp) reactions in other elements of medium 
atomic weight have given similar values,! This Spacing is 
in general larger than one would expect for such nuclei 
on modern theories of nuclear structure. The advantages 
and limitations of the present method insofar as the reso. 
lution of “‘groups”’ is concerned will be discussed. 


1W. L. Davidson, Jr., Phys. Rev. 56, 1062 (1939). 


64. A Simple Adiabatic Expansion Machine. R. B. 
Jacoss* anpD S. C. Coitins, Massachusetts Institute of 
Technology.—A simple free-piston type of adiabatic ex. 
pansion machine has been developed for cryogenic use, 
Only three moving parts are used, and the operation takes 
place without lubrication. These features make the design 
particularly useful for working at extremely low tempera- 
tures. Camshaft, crankshaft and stuffing boxes have been 
eliminated entirely. The valve action is hydrostatic and 
the work is taken off by the recoil action of the piston upon 
the cylinder. Tests have shown the present machine to be 
over 50 percent efficient thermodynamically. 


* Fellow of the Lalor Foundation. 


65. Theory of Terrestrial Magnetism. D. R. INcuis, 
Johns Hopkins University, AND E. TELLER, George Wash- 
ington University.—The theory based on electric currents 
within the earth, due to material convection guided by 
Coriolis forces,! is discussed and extended. The present 
heat flow through the crust does not permit as large speeds 
and temperature differences as inferred by Elsasser. Since 
it seems unlikely that the matter in two parts of a turbulent 
fluid, at the same level, is so different as to have a thermo- 
electric power comparable with that of two different 
metals at laboratory pressures, the ordinary thermoelectric 
effect seems inadequate. Other mechanisms, also depending 
on past or present Coriolis-guided convection, are proposed 
and seem to be more nearly adequate: (a) the convection 
within the core may make an undulatory surface of the 
core and at the same time maintain temperature differences 
between the junctions of the core and surrounding ma- 
terial; (b) upward and downward convection streams con- 
stitute hot and cold junctions between regions of high and 
low pressure, and thereby form a pressure couple to provide 
the required current. 


1W. Elsasser, Phys. Rev. 55, 589 (1939). 
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66. Magnetic Susceptibility of Some Salts of the Iron 
Group at Low Temperature. C. Starr, F. BITTER, AND A. 
KAUFMANN, Massachusetts Institute of Technology.—Pre- 
jiminary measurements at liquid hydrogen temperatures 
20.4°K) have been made of the magnetic susceptibility of 
the following salts: the chlorides of iron, chromium, 
nickel, cobalt, and manganese, and also manganous 
sulphide. The measurements were made by means of the 
nonhomogeneous field method described by Bitter and 
Kaufmann.! Measurements between 10,000 gauss and 
30,000 gauss do not indicate a dependence of the suscepti- 
bility upon field strength for any of these salts. NiCl, 
showed no dependence from 5000 gauss to 30,000 gauss, 
and this result is in contradiction with the determination 
at Leiden.* The susceptibility of MnS lies on a continuation 
of the susceptibility curve determined by Squire’ at higher 
temperatures, between the antiferromagnetic Curie point 
and liquid nitrogen boiling point. These measurements will 
be continued at other temperatures and at lower field 


strengths. 


1 Bitter and Kaufmann, Phys. Rev. 56, 1044 (1939). 
Woltjer and Kamerlingh Onnes, Leiden Comm. No. 173b, c (1925). 
+ Squire, Phys. Rev. 56, 922 (1939). 


67. Magnetization at Low Temperatures of Copper 
Containing 0.7 Percent Iron. A. KAuFMANN, F. BITTER, 
S, Pan, AND C. STARR, Massachusetts Institute of Tech- 
nology.—Previous measurements have indicated that the 
susceptibility of this alloy, when quenched to retain a 
solid solution, obeys a Curie-Weiss law at high tempera- 
tures and that a Curie temperature should exist at 150°K. 
Recent observations down to 20°K do not show ferro- 
magnetism, but they do reveal a magnetization which is no 
longer proportional to the applied field. Further observa- 
tions are required to clarify this situation, but it should be 
emphasized that this alloy is so dilute that 95 percent of 
the iron atoms have only copper atoms for nearest neigh- 
bors, the remaining 5 percent being in pairs surrounded by 
copper, and that no saturation effects of the magnitude 
observed are to be expected in a purely paramagnetic 
solution at 20°K in a field of 30,000 gauss. A further 
peculiarity is that when this alloy is aged, the precipitate 
is nonmagnetic, presumably y-iron, but that at the very 
beginning of the aging process, long before there is ap- 
preciable precipitation, the susceptibility first increases by 
a factor of almost two, and then later drops to a very low 
value. This alloy has never shown the existence of a ferro- 
magnetic component except when thoroughly aged, and 
then cold worked to transform the precipitate to a-iron. 


68. Ferromagnetic Gold-Iron Alloys. S. T. Pan, A. R. 
KAUFMANN, AND F. Bitter, Massachusetts Institute of 
Technology.—In the course of experiments on the aging of 
supersaturated solutions we have had occasion to prepare 
an alloy containing 63 atomic percent gold +37 percent 
iron, extending the range of compositions investigated by 
Shih.' In the quenched state this alloy is in the form of 
a solid solution. It was found to be ferromagnetic with a 
Curie temperature of about 230°C and an absolute 
saturation intensity of about 1 Bohr magneton per atom 
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of the alloy. It seemed at first rather surprising that this 
face centered lattice should be ferromagnetic whereas 
y-iron is not. However, it has been shown that the tendency 
to ferromagnetism increases as the ratio (atomic separa- 
tion)/(radius of the 3d orbit) increases, arid since the 
lattice constant of the above alloy is 3.94 A.U. (see Jette, 
Brunner and Foote*), while that of y-iron is only 3.56, it is 
clear that conditions are favorable for ferromagnetism. 
The saturation intensity also seems reasonable if we assume 
that gold, like copper, contributes three electrons per atom 
to the iron lattice and that roughly three electrons per 
atom are required to reduce the mean magnetic moment of 
iron to zero. Sixty percent of gold would reduce the mag- 
netic moment of iron, 2.2 magnetons, by a little more than 
a half, leaving about one, as observed. 
1 Shih, Phys. Rev. 38, 2051 (1931). 


? Jette, Brunner and Foote, Trans. A.I.M.E. Inst. of Metals Div. 111, 
354 (1934). 


69. A Modification of Heisenberg’s Theory of Ferro- 
magnetism. F. Bitter, Massachusetts Institute of Tech- 


nology.—Heisenberg’s theory of ferromagnetism! breaks 
down at low temperatures* because of the assumption of 


. a Gaussian distribution of states about the mean value of 


the energy which makes it possible for the system to assume 
states having energies approaching — » which do not exist. 
This may be avoided by assuming the distribution of states 
to be given by binomial coefficients which can be made to 
vanish for assignable values of the energy. For instance, if 
we assume that the magnetization is given by u(N,—N_) 
where N, is the number of atoms having a moment 4 
pointing to the right, N_ the number pointing to the left; 
that the energy is given by a parameter p such that U= 2Jp, 
and that the spread in states is given by 


nna (™) 


a, b, c being constants determined by the calculable total 
number of states, mean value and mean square value of 
the energy, we find, using Heisenberg’s results for these 
expressions 


( N\ ‘(aN o£ i-?® | Ni-—N_ 
c= ( )3 -e=, jes—=; jo, 
7 ‘ \aNn, Sa 3-2? N 


Z=numbers of nearest neighbors; free energy F given by 


8 1 
F(i,p,Z) = —*2_anxr| (2-*)ix, In x4 +2x-_ In x_) 





a 
2p 2p 2p 2p 
~ (s+-Zy) (zx) ~(—z5) (Za) 
-F in], x _ Ns. x _N-. 
as lil: a 


This expression leads to spontaneous magnetization at 
low temperatures for Z>3.1. The Curie temperature is 
defined by the equations 


3 1 
IF" ige +e) In (1+¢)+(1—¢) In (1—o)}; 
6J 
o=tanh————- 


ZKT 
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The free energy has a maximum for i=0 and all values of 
T<T,., and the breakdown of the Heisenberg theory is 
consequently avoided. 


1 Zeits. f. Physik 49, 619 (1928). 
2 Inglis, Phys. Rev. 42, 442 (1932). 


70. Paramagnetic Relaxation and the Equilibrium of 
Lattice Oscillators. J. H. VAN VLECK, Harvard University. 
—Calculations on the paramagnetic relaxation of chrome 
alum give qualitatively the proper variation of the relaxa- 
tion time r with field strength Ho at liquid air tempera- 
tures. In the helium region dr/dH» has the wrong sign. 
This result is a general consequence of the thermodynamic 
model, in which the lattice oscillators are regarded as a 
thermostat. The failure regarding dr/dH» is probably 
intimately connected with the fact that the conservation 
of energy allows interchange between the spin and only 
oscillators of very low frequency, which constitute a small 
fraction of the total. Each such oscillator exchanges a 
quantum approximately 10° times/sec. with spins, whereas 
an individual spin has about 10? exchanges. These oscilla- 
tors can preserve a constant temperature only if they have 


still more frequent exchanges with other oscillators, or | 


with the walls. An adequate mechanism for such processes 
appears wanting. The situation is reminiscent of similar 
difficulties found by Peierls in the theory of electrical con- 
ductivity at low temperatures. If the oscillators serve as a 
thermostat, they have interruption frequencies comparable 
with their proper frequencies, so that the latter lose mean- 
ing. The attendant blurring out of the conventional fre- 
quency distribution p,=Cvr*dy may possibly explain why 
the calculated value of dr/dH» has the wrong sign. 


71. Ferromagnetic Anisotropy and the Itinerant Electron 
Model. Harvey Brooks, Harvard University.—Theories 
of ferromagnetism based on the Heisenberg model fail to 
provide a straightforward mechanism to account for the 
quenching of the orbital angular momentum, evidenced by 
the gyromagnetic ratio of 2 in ferromagnetics. It is shown 
that the energy of transfer of electrons between neighboring 
atoms, such as occurs in the energy band picture, is 
sufficient to lift the orbital degeneracy of the lower d states 
in body-centered cubic structures. It is also shown that if 
the exchange energy be approximated by a Weiss molecular 
field, and the spin orbit interaction be introduced as a 
perturbation, the solution of the secular problem for the 
approximation of tight binding in the lower d band leads 
to ferromagnetic anisotropy in the fourth approximation of 
perturbation theory. 


72. The Theoretical Susceptibilities of Metallic Lithium 
and Sodium. J. B. SAMPSON AND FREDERICK SEITz, Uni- 
versity of Pennsylvania.—The free electron theory of me- 
tallic susceptibility is applied to lithium and sodium in an 
approximation that includes the effective electron masses, 
the exchange and correlation terms, and the Peierls- 
Wilson diamagnetic terms. Of the three Peierls-Wilson 
terms only the one corresponding to Landau’s free electron 
diamagnetism is important. The exchange and correlation 
terms work in opposite directions, but the former pre- 
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dominates and increases the free electron para 
by a factor of about two in the case of sodium and three in 
the case of lithium. The paramagnetic, diamagnetic and iog 
core terms are given in the table along with the o 
susceptibilities. In the case of sodium, the result 
closely with the experimental values, which vary by only 
about twenty percent. On the other hand, the experimental 
values for lithium vary over a sevenfold range ang the 
theoretical value is greater than the largest. 


TABLE 


Contributions to the volume susceptibilities of lithium and sodium, 
(The values are given in c.g.s. units times 108.) 


FREE 
ELECTRON FREE 
PaRA- ELectrRoN’ Ion Core 
MAG- Dia- Dia- 
NETISM MAGNETISM MAGNETISM TOTAL Osservep 
Lithium 3.42 —0.41 —0.05 2.96 0.27~29 
ium 1.01 —0.20 —0.18 0.63 0.51-0.43 


73. The Electric Quadrupole Moments of Gallium (G4 
and Ga™). NicHoLas A. RENZETTI AND DonaLp R. Hamu. 
TON,* Columbia University—The zero-moment method of 
atomic beams has been used to study the hyperfine stryp. 
tures (h.f.s.) of the ground *P; state and the metastable 
*P4 state of the two isotopes of gallium. Six zero-moment 
peaks arising from the atoms in the *P4 state, three for 
each isotope, and two peaks from the atoms in the *?, 
state, one for each isotope, were observed. It is found that 
the h.f.s. energy levels for the higher states show deviations 
from the interval rule and can be described by an equation 
of the form E = (aC/2)+6C(C+1) where C is the quantum. 
mechanical analogue of the cosine and “‘a” and “‘b” are the 
interval rule and nuclear quadrupole constants, respec. 
tively. These constants are determined by the values of 
the magnetic field at which the zero-moment peaks occyr 
and have the following values: 

Ga™ b/a =0.0068 +0.0004 


b= (5.51+0.39) -10-Fem4 
@= (8.114011) 104m 


Ga*® b/a =0.0136 +0.0004 

b= (8.69+0.43) -10-§ cm 

@= (6.39+0.12) -10-?cm™ 
From these numbers the h.f.s. separations are dy 
= (0.0362 +0.0007) cm and Av™ = (0.0474 +0.6007) em+ 
and the quadrupole moments are Q*=0.20-10- and 
Q"%=0.13-10-" cm*. The nuclear spins are verified to 
be }. From the peaks of the ground state it is found that 
Avr /Ave9 = u71/ue9=1.270+0.006 and that these separa 
tions are Av®*=(0.0897+0.0011) cm= and Avy™=(0,119 
+0.0019) cm.’ These numbers when substituted in the 
Goudsmit formula give for the nuclear moments py =2.6 
and yes = 2.11 in nuclear magnetons. 


* Now at Harvard University. 


74. The Nuclear Magnetic Moment of N®. J. R 
ZACHARIAS AND J. M. B. KELLOGG, Columbia Universily. 
—We have made a determination of the nuclear magnetic 
moment of N™ using a sample of N2 gas containing 9 
atomic percent N". The method and apparatus were th 
same as used for the work on the hydrogens.' Resonance 
curves were obtained at 0.5, 1 and 1.5 megacycles and 
yield values of »/H which are independent of frequency. 
The g value obtained is 0.560+1 percent. Combining this 
with the spin of 4 found by Kruger® and by Wood and 
Dieke*® we obtain the value 0.280 nuclear magnetons #1 
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nt for »(N™). Another sample of gas containing 
7 atomic percent of N* gave the same result. It was 
shown experimentally that the resonance minimum iden- 
tified with N™ was not due to the N™ in the sample. The 
theoretical value of —0.26 obtained by Rose and Bethe 
with a Hartree model is closer to 0.28 than the value 
obtained by the alpha-model. (See Sachs‘ for references.) 
The experiments do not yield a clear indication of the 
sign of «(N™). We wish to thank Professor H. C. Urey for 


the samples of gas used. 


——E——— . 
llogg bi, Ramsey and Zacharias, Phys. Rev. 56, 728 (1939). 
1 ithe 1 Physik 111, 465 (1939). 
+R. W. Wood and G. H. Dieke, Phys. Rev. 55, 1120 (1939). 
it’ G. Sachs, Phys. Rev. 55, 825 (1939). 


75, The Effect of Deuterium and of Electric Discharges 
in Deuterium Oxide on the Sensitization of Photoelectric 
Cells.* J. T. TYKOCINER AND L. R. BLoom, University of 
Illinois. —The experiments with discharges in water vapor 
reported in Abstract No. 51 have been extended to different 


forms of discharges obtained with a.c., rectified pulses, 
d.c. and h.f. currents. Comparative measurements were 
also carried out with discharges in D,O vapor (99.8 per- 
cent), immediately following experiments with discharges 
in H,O. By using in both cases the same pressures and 
applied potentials, similar results have been obtained in 
both cases. The increase in photo-sensitivity of a potassium 
surface due to discharges in D,O was of the same order of 
magnitude as that found for H,O. The stability of cells 
sensitized by discharges in heavy water was found, in 
accordance with what was expected from theoretical con- 
sideration, to be greater than that of cells treated with H,O 
under similar conditions. Comparative experiments are 
being carried out with Hz and Dy, thermally dissociated 
and their atoms acting directly upon alkali surfaces. De- 
tails of this investigation will be published in a Bulletin 
of the University of Illinois Engineering Experiment 
Station. 


* Read by title. 
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